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ABSTRACT
Research was conducted to study the effects of raising the water table level at different rates on 
petroleum  contam ination distribution. The experim ents w ere carried out using a two- 
dim ensional sand tank model. The experimental Light Non Aqueous Phase Liquid (LNAPL) 
was No. 2 Diesel fuel and the experimental media was sand (Sieve 20). A known quantity of fuel 
(5.65 Liters) was leaked into the tank at a leak rate of 0.75 L /hr. The water table level was raised 
at four different rates, 0.2,1.4,9.8, and 20 cm /hr. As the water table level was raised, the LNAPL 
layer rose to a certain height before breakthrough of water through the LNAPL layer occurred. 
The height at which breakthrough occurred was higher for the fastest rate of water table rise. 
After the breakthrough of water through the LNAPL layer, the least am ount of symmetry in the 
extent of smearing was observed for the fastest rate. The time to breakthrough of water through 
the LNAPL layer was longest for the slowest rate. The time to breakthrough of water through the 
LNAPL layer approached a similar value for the faster rise rates, 9.8 cm /h r and 20.0 cm /hr. At 
the end of the experiment, soil samples were collected from the experimental chamber for each 
experiment. The soil samples were analyzed for Total Petroleum Hydrocarbon (TPH) and the 
results of the soil sample analysis showed that for faster w ater table level rise rates, the 
hydrocarbon concentration at each sampling location was higher. Results of the soil sample 
analysis also showed that as the water table level was raised, a lesser am ount of hydrocarbon 
concentration was left behind at initially oil-wet regions than in initially water-wet regions. 
D im ensional analysis was perform ed by expressing the diesel properties in term s of 
dimensionless numbers. The dimensionless numbers varied in direct proportion to the water 
table level rise rate. Comparison of dimensionless numbers with total petroleum  hydrocarbon 
concentration collected at each sampling level showed that Capillary Number, defined as the 
ratio of viscous to surface tension forces to be relatively larger in m agnitude than other 
dimensionless numbers.
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A m ajority of people around the w orld depend on g roundw ater as their m ain 
source of d rin k in g  w ater. A pproxim ately  50 percen t of people in  U nited  
States depend  on g roundw ate r for their daily  consum ption  (Solley, M erk and 
P ierce 1988). N u m e ro u s  sources of g ro u n d w a te r  co n tam in a tio n  w hich  
d im in ish  the am oun t of available g ro undw ate r have been  identified , w ith  a 
m ajor con tribu to r be ing  leak ing  U nderg round  Storage T ank  (UST) system s. 
A n underground  storage tank  is defined as a tank  system  w hich has at least 10 
percen t of its vo lum e stored  u n d erg round , inc lud ing  all associated p iping. 
U nderg round  storage tanks are  used to store a varie ty  of liquids includ ing  
gasoline, diesel, jet fuel, and  solvents. L iquids sto red  in  the USTs can leak 
in to  the subsurface  d u e  to corrosion  of the tanks, fau lty  connections of 
associated  p ip ing , o p e ra to r e rro r d u rin g  filling  of the tanks, and  o ther 
reasons.
M any USTs are filled w ith  liqu ids w hich are rela tive ly  insoluble in  w ater, 
term ed  N on A queous Phase L iquids (NAPLs). Based on  the ir densities, 
NAPLs are d istingu ished  as L ight N on-A queous Phase L iquids (LNAPLs, 
Specific gravity  less th an  1) and Dense N on-A queous Phase L iquids (DNAPLs, 
Specific gravity  greater than  1). W hen a LNAPL is first in troduced  into the 
u n sa tu ra ted  subsurface, it can m igrate  d o w n w ard  u n d e r the influence of 
gravity . U pon reach ing  the w ater table, certain  soluble com ponents of the 
LNAPL can dissolve in  w ater form ing a con tam inated  g ro u n d w ate r p lum e.
1
2The im m iscible p o rtion  of the con tam inan t rem ains as a d istinc t phase and 
can travel w ith in  the capillary  fringe zone and  m ay also d ep re ss  o il-w ater 
in te rface  levels. M uch of the  n o n  aq u eo u s p h ase  w ill rem a in  in  the 
u n sa tu ra te d  zone for long  period  of tim e, d u e  to cap illa ry  forces. This 
re s id u a l LN A PL serves as a sou rce  of p o ten tia l co n tam in a tio n  to e ith e r 
in filtra ting  rain  w ater or a rising w ater table. W hen a w a te r table level rises, 
LNAPL floating in  the reg ion  of the capillary  fringe will rise w ith  the w ater 
table an d  w ill be sm eared in the zone overlying the capillary  fringe.
This thesis focuses on u n d ers tan d in g  the effect of raising  w ater table levels at 
d ifferen t ra tes on the  d is trib u tio n  of pe tro leum  hydrocarbon  contam ination . 
Specifically, No. 2 diesel fuel is the experim ental liquid.
Previous Work
N um erous stud ies have been carried ou t by  several researchers to describe the 
m ig ra tio n  of im m iscible flu ids in  u n sa tu ra ted  and  sa tu ra ted  p o ro u s  m edia. 
O ne exam ple is the w ork  of O sborn and  Sykes (1986) w ho  developed  a tw o 
phase finite e lem ent transport m odel to stu d y  im m iscible organic tran sp o rt at 
a landfill. T hey s tud ied  the effects of he te rogeneity  and  a n iso tro p y  of the 
m ed iu m  a n d  co n c lu d ed  th a t th e  ex ten t o f m ig ra tio n  w as v e ry  m u ch  
dep en d en t on  heterogeneity  and anisotropy.
In o rd e r to describe  the initial sp re ad in g  of im m iscible con tam inan ts  in  the 
subsurface, various m athem atical m odels have  been  developed . Kia (1991)
developed  a num erical m odel to describe the m u ltiphase  flow of organic 
con tam inan ts in  sa tu ra ted  and unsa tu ra ted  po rous m edia. E quations for 
sim ultaneous flow of w ater and  contam inant w ere devised for a three-phase 
system  of con tam inan t, gas, and w ater. The equations w ere fo rm ula ted  
app ly ing  m ass conservation  principles and under the condition that there is 
no in terphase m ass exchange.
O th e r m ath em atica l m odels  to  describe  m u ltip h ase  m ovem en t in the  
subsurface have been  developed . P arker and  L enhard  (1987) developed  a 
m odel to describe the functional relationships betw een relative perm eability , 
flu id  sa tu ra tion  and  p ressu re  in  tw o or th ree  p h ase  flow  th rough  porous 
m edia. O stendorf et al. (1993), developed an em pirical equation  to estim ate 
the trapp ing  of LNAPLs due to a fluctuating w ater table. They m easured the 
vertical d is trib u tio n  of free and residual gasoline, a LNAPL, th ro u g h  the 
capillary fringe of a uniform , m edium  sand to calibrate an existing m odel.
Physical m odels have o ften  been  used to sim ula te  m u ltiphase  flow, and  
liquid  m ovem ents of non  aqueous phase liquids ( NAPLs) in unsaturated  and 
sa tu rated  porous m aterial has been studied  by several researchers. H un t et a l . 
(1988) stud ied  non aqueous phase liquid transport using  glass colum ns. His 
results show ed that the natu re  of porous m edia g reatly  influences the liquid  
m ovem ent. G lass et a l  (1989) described  the fac to rs in flu en c in g  flow  
instab ility  and  m ovem ent of con tam inants in san d y  soil. They conducted  
laboratory  experim ents to study  the w etting-front instability  and form ation of 
"fingers" to bypass m uch of the unsa tu ra ted  porous m edium . D im ensional 
analysis was p e rfo rm ed  to  s tu d y  the re la tio n sh ip s  b e tw een  the  system  
p a ra m e te rs  and  flow  cond itions. Schw ille (1988) ca rried  o u t severa l
e x p e r im e n ts  u s in g  tw o -d im e n s io n a l sa n d  ta n k  m o d e ls  to  d e sc r ib e  
co n tam in an t tra n sp o rt in bo th  sa tu ra te d  and  u n sa tu ra te d  en v iro n m en ts . 
Schw ille ca rr ied  o u t ex p erim en ts  u s in g  g lass co lum ns an d  tro u g h s  to 
un ders tand  the behav io r of ch lorinated  hydrocarbons (CHC) in sa tu ra ted  and 
u n sa tu ra ted  cond itions. The experim en ts d em o n stra ted  th a t a su b stan tia l 
flu id  p ressu re  is requ ired  to d rive  an  im m iscible fluid in to  and  th ro u g h  a 
w a ter-sa tu ra ted , fine grained  layer. Schwille also conducted  experim en ts to 
s tu d y  the  p h e n o m e n a  of re s id u a l s a tu ra tio n . The e x p e rim e n ts  w ere  
conducted  u s in g  sands of d iffering  hydrau lic  conductiv ities to estim ate  the 
residual sa tu ra tio n  of a CHC in the vadose zone and  in the sa tu ra ted  zone.
CHAPTER II
TRANSPORT AND PROPERTIES OF IMMISCIBLE FLUIDS
In th is chapter, the basic concepts underly ing  the m ig ra tion  of ligh t non- 
aq u eo u s phase  liqu ids (LNAPLs), and the p ro p erties  in fluencing  their 
m igration  will be  discussed. The influencing properties are also expressed in 
term s of dim ensionless num bers and the relative significance of each num ber 
is also discussed.
M igration O f Light Non-Aqueous Phase Liquids (LNAPLsl
A ccording  to m any researchers, subsurface regions are classified in to  the 
vadose  zone and the sa tu ra ted  zone. The vadose zone, o ften  called the 
u n sa tu ra ted  zone or zone of aeration , is the reg ion  b e tw een  the g round  
surface and the top of the w ater table. At the w ater table, the w ater m olecules 
are  subjected  to upw ard  a ttrac tion  of the  liquid  and  solid  phases. This 
attraction  results in the form ation of the capillary fringe. The capillary  fringe 
is the  low est reg ion  of the vadose zone and  is often  a tran sitio n  region 
betw een  the unsa tu ra ted  portions of the vadose zone and  the sa tu rated  zone. 
The cap illary  fringe varies in th ickness d ep en d in g  on the size of the soil 
particles. The saturated  zone, also called the phreatic or g roundw ate r zone, is 
the region below  the vadose zone.
There are  various term s that can describe the subsurface regions. F igure 2.1 
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Figure  2.1 Soil Z ones Based on Their W ater S a tu ra tio n  (A fter A bdul 1988)
sa tu ra tio n  (A bdul 1988). A great m ajority  of the pore spaces im m ediate ly  
above the w ater table are filled w ith water; and it extends upw ard  to form  the 
cap illary  zone w hich is v irtua lly  sa tu ra ted . In a system  unaffected by a 
LNAPL, the next zone in upw ard  progression  is the funicular zone in w hich 
the percentage of air sa turation  is g rea ter and results in reduced  volum e of 
w ater to be reta ined  in this zone (A bdul 1988). Above the fun icu lar zone is 
the p en d u la r zone in w hich w ater is retained by  adsorp tion  on the surface of 
particles and  by  capillary  forces. C apillary  forces are adhesive and cohesive 
forces w hich hold  w ater m olecules to solid surfaces. R esidual sa tu ra tion  is 
defined as the m axim um  volum e of w ater th a t can be held in the  pores by 
adsorption  and capillary forces.
W hen a ligh t non  aqueous phase liqu id  (LNAPL) is in tro d u ced  in to  the 
subsurface, its m ovem ent occurs in m ore than  one phase. LNAPLs can m ove 
as vapor in the air phase, free p roduct above the w ater table and  a solute in 
the w ater phase. M ultiphase flow is fu rth er com plicated  b y  the d ifferent 
governing  properties in  each subsurface zone. In the upper vadose zone, the 
LNAPL m ust exert enough  p ressure  to d isp lace the existing flu id  (w ater or 
air) to enter the pore spaces. In the pen d u la r zone and the upper p a rt of the 
funicular zone, air offers less resistance to the liquid relative to w ater and the 
LNAPL tends to m igrate th rough  the larger pores w here the least resistance is 
offered. In these zones the m igration is p redom inan tly  dow nw ard  since the 
gravity  forces are sufficiently larger than  the capillary forces.
Flow of LNAPL th rough  the vadose zone is g reatly  influenced by  the pore 
size. R esidual sa tu ra tio n  of w a ter is h igher for the fine-grained  m ateria ls 
than  for coarse g rains and hence the num ber of pores available for LNAPL
8flow is m ore restricted in fine grained m aterial. W hen a sufficient quan tity  of 
LNAPL is in troduced to p roduce a large pressure head, the LNAPL displaces 
w ater th rough  the pendu lar zone and results in dow nw ard  m igration  of the 
LNAPL.
M ig ra tio n  of LNAPL w ill fo llow  the p a th  of leas t re s is tan c e  in a 
he terogeneous m edia. The resistance to flow  is h igh  in  low  perm eability  
po ro u s m edia  and  d o w n w ard  LNAPL m ovem ent can be inh ib ited . The 
LNAPL w ill s ta rt to bu ild  up above the low perm eab ility  layer and  if, 
co n tin u o u sly  su p p lied , the LN A PL w ill a ccu m u la te  an d  sp re ad  ou t 
horizontally. As the LNAPL continues to spread, it is influenced b y  capillary 
forces in the soil.
U pon  reach ing  the cap illa ry  fringe, the vertical m ig ra tio n  of LNAPL is 
restricted to an extent due to the capillary forces in the capillary fringe. Ow ing 
to capillary  forces, lateral sp read ing  of LNAPL also occurs. A horizontal 
layer of increasing thickness form s and dow nw ard  fluid p ressu re  is exerted, 
dep ressing  the oil-w ater interface level. W hen the buoyan t forces sta rt to act 
to restore  the original w ater level, lateral m ovem ent occurs and  a th inner, 
b roader layer of LNAPL is typically form ed. The lateral m igration  of LNAPL 
in  the capillary  fringe is influenced by  heterogeneity  and  soil perm eability. 
Free-product m igration occurs on top of the w ater table.
R esidual non  aqueous phase liquid  held in the vadose zone due  to capillary 
forces can serve as a source of fu rther contam ination  d u e  to a rising  w ater 
table o r perco lating  rainfall. If the w ater table level rises, a non  uniform  
rising front m ay result due to the pressure differences a long  the su rround ing
capillaries. This non  un ifo rm  rising  front m ay cause som e iso lation  and 
d isp lacem ent of the oil and w ater interfaces.
D ue to he te rogene ity  in the p o re  s tru c tu re , the  d isp lac in g  p h ase  (w ater) 
usually  tends to cut off portions of LNAPL. This resu lts in fragm enta tion  of 
the oil globules and also isolation of the non aqueous phase orig inally  present 
in the pore space. Some of the LNAPL will be held  in various pockets, due  
to irregu larities in pore size d is trib u tio n  of the po ro u s m ed ium . W hen the 
flow  rate  of the d isp lac ing  phase (w ater) is increased, som e iso lated  pockets 
m ay  sta rt flow ing along w ith  the d isp laced  phase. The flow  of w ater and the 
LN A PLs is g rea tly  in fluenced  by  flu id  p ro p erties  w h ich  in c lu d e  density , 
viscosity, surface tension and  interfacial tension and  relative perm eability .
Selected LNAPL Properties
The tra n sp o rt of LNAPLs in  the  subsurface is g rea tly  in fluenced  by  the ir 
physical properties. M igration  of LNAPLs due  to advection  is influenced by 
the  p ro p erties  of d ensity  and  viscosity. C ap illary  forces w h ich  re ta in  the 
LNAPLs in  the  subsu rface  are in fluenced  by  flu id  p ro p e rtie s  like surface 
tension  and interfacial tension.
Density
The d en sity  of any  substance  is defined  as the ra tio  of its m ass per u n it 
vo lum e. The m ovem en t of a co n tam in an t in  the  su b su rface  is d irec tly
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affected by the density  of the liquid w ith respect to the density  of groundw ater. 
L iquids which are heavier than w ater tend to sink  in w ater and liquids w hich 
are ligh ter th an  w ater tend to float on w ater. L iquids heavier th an  w ater 
m ove vertically d o w nw ards in the vadose zone relatively faster than  lighter 
liquids. Flow of non aqueous phase liquids com pletely sa tu ra ting  a porous 
m edium  can be described using Darcy's Law (Freeze and Cherry, 1979). 
w e have
v = - K (d h /d l)
w here, v is the Darcy velocity (cm /sec)
K is the hydraulic conductivity  (cm /sec) 
d h /d l  is the hydraulic gradient, (cm /cm )
In addition , hydraulic  conductivity  also referred as perm eability is given by
K = k_p_g
w here, k  is the intrinsic perm eability (cm /sec)
g is the gravitational constant (c m /se c 2) 
p is the density  of the fluid (g ram / cm 3) 
p, is the absolute viscosity (Poise)
It can  be observed  from  the equation  th a t the h y d rau lic  conductiv ity  is 
d irectly  p roportional to the density  of the fluid. Hence if the density  of fluid 
is increased, perm eability , K, increases and therefore darcy  velocity, v, also 
increases and vice versa. As the density  of diesel fuel is less than  that of 
w ater, the ability for diesel to flow under a fixed hydraulic gradient is reduced.
Viscosity
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The viscosity  of a flu id  is defined  as the resistance to relative m otion and 
shear deform ation  du ring  flow. The m ore viscous the fluid, the greater the 
shear stress, and  thus, g rea ter resistance to flow. As described earlier, from  
D arcy 's law  it can be observed that the viscosity of the flu id  is inversely  
p roportional to the perm eability. If the viscosity of the liquid  is reduced by 
half the perm eability  will be doubled . Thus, consideration  of contam inant 
viscosity in add ition  to o ther applicable properties is necessary  for prediction 
of con tam inan t m igration.
Surface T ension and Capillarity
Because of m olecular a ttraction , liquids possess certa in  p roperties such as 
cohesion and adhesion. Cohesion is the in ter-m olecular a ttrac tion  betw een 
m olecules of the sam e liquid. It can also be defined  as the tendency of the 
liquid  to rem ain  as one un it of particles. A dhesion is defined  as attraction  
be tw een  the m olecules of a liquid  and the m olecules .of a solid  b o u n d ary  
surface in contact w ith  the liquid . Surface tension  a rises due  to cohesion 
betw een liquid particles at the liquid surface, while capillarity  is attributable to 
bo th  cohesion and adhesion.
The p ro p erty  of a liqu id 's  surface film  exerting  a cohesive force along its 
interface w ith  a gas is called surface tension and is also defined  as the force 
requ ired  to m aintain un it length  of film  in equilibrium . U nits are dynes /cm . 
Surface tension is dependen t on the fluid in contact w ith  the liquid  surface. It
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is usually  quoted  in contact w ith air. The surface tension of diesel fuel is less 
than  tha t of w a ter (D ullien, 1979), w hich im plies diesel has lesser ab ility  to 
cohere to itself w hen  com pared to w ater. W hen tw o im m iscible flu ids are in 
contact, the in te rac tions th a t exist at the  in terface is related  b y  in terfacia l 
tension. Im m iscible flow  th rough  po rous m edia grea tly  d ep en d s o n  surface 
and interfacial tension.
As m entioned  earlier, cap illarity  is d u e  to bo th  cohesion and  adhesion . If a 
liqu id  has g rea te r ad h esio n  than  cohesion, th en  it w ill w et a so lid  surface 
w ith  w hich it is in contact and will tend  to rise a t the  po in t of contact. In this 
situation , the liquid  surface is concave u p w ard  and  the angle of contact, 9, is 
less than  90°.
C onsider a glass tube of sm all d iam eter 'r' partia lly  im m ersed  in LNAPL, the 
LNAPL w ill w et the surface of the tube  and it w ill rise in the tube to a height 
'h ' above the norm al surface, w ith  the angle of contact being  0 as show n  in 
Figure 2.2. The rise in the liquid surface is due  to the  decrease in  the p ressure  
w ith in  the liquid  created due  to the w etting  of the solid  boundary  b y  the fluid. 
The phenom enon  of capillary  rise relative to the  adjacent general level of the 
liqu id  is called capillarity . For equ ilib rium , the w eigh t of liqu id  co lum n of 
height 'h ' m ust be  balanced  by  the force, a t the  surface of the  liqu id , d u e  to 
surface tension, a.
g p ( j i r 2  h )  = 2 jt r  a  cos 0
U nder equilibrium  conditions, capillary rise, h is given by
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h = 2 o  cos 0
g P r
It can be observed from the equation that capillary rise is directly proportional 
to the surface tension of the fluid. The capillary rise is also inversely related 
to the density  of the LNAPL and also to the rad ius of the tube w hich is 
analogous to the pore size.
T Cos ©
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Figure 2.2 Rise of LNAPL in a Capillary Tube
It can be observed from  the Darcy's law and the phenom ena of capillarity, that 
p rediction  of contam inant m igration greatly  depends on viscosity density  , 
and  surface tension.
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D im ensional A nalysis
Each p h y sica l p h en o m en o n  can be e x p re ssed  by  an e q u a tio n , com posed  of 
p h y s ic a l q u a n ti t ie s  w h ich  m a y  be  d im e n s io n a l a n d  n o n -d im e n s io n a l 
quan tities . D im ensiona l analysis he lp s  in  d e te rm in in g  physica l re la tionsh ip  
am o n g  th e  v a riab le s  a n d  co m b in in g  d im e n sio n a l v a riab le s  to  fo rm  non- 
d im en sio n a l p a ram ete rs .
In the p ro b lem s concern ing  flu id  flow , the  forces acting in  the  system  m ay be 
one o r a com bination  of the forces w hich  m ay  include  inertia , v iscous, g rav ity  
a n d  su rfa c e  te n s io n  forces. D im en sio n less  n u m b ers  a re  d e v e lo p e d  by 
considering  the  ra tio  of the various forces acting  on  the system . T he d ifferent 
d im ension less n u m b ers  and  their re la tionsh ips are  listed  in Table 2.1.
Table 2.1 D im ension less N um bers
D im en s io n le ss
N u m b e r
Ratio of Forces F o rm u la
R eyno lds In e r tia l/  V iscous p w V L /p
F ro u d e In e rtia l/ G rav ity (V /(pw - po/pw) g  L) 1/2
W eber In e r tia l/  Surface tension PoL  V 2 / CT
C apillary V iscous/ In terfacial tension p. V  / y
B lake In e rtia l/  V iscous Po V  / p  <1 - I) S
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w here a  represents surface tension of oil in respect to air.
L represents characteristic length scale (m ean grain diam eter), 
y is the interfacial tension betw een the tw o liquids.
I is the porosity  and
S is the ratio  of particle area to volum e
Po / Pw are the densities of oil and w ater respectively.
In th is s tudy , the  on ly  variab le  in all the d im ension less num bers is the  
velocity, or in o ther term s rise rate  V. The d im ensionless num bers will aid 
in  understand ing  the influence of the velocity, on the flow  system.
CHAPTER III
EXPERIMENTAL APPARATUS A N D  PROCEDURE
Experimental Chamber
Several researchers over the years have used sand tank  m odels to s tu d y  the 
flow  of flu id s  in  va rious m edia. The d esig n  of a sand  ta n k  can grea tly  
in flu e n ce  flu id  b o u n d a ry  c o n d itio n s  an d  m o v em en t. R esearch  w as 
conducted  b y  Schiegg and M cBride to s tu d y  the w all effects and  optim al 
design  of a sand tank. An increase in porosity  (up  to 25 percen t) a long  the
w alls o f the  tan k  w as observed  (Schiegg and M cB ride 1986). U sing  the
rela tions deriv ed  by  Schiegg and  M cbride rela ting  the po rosity  , m ean  grain  
d iam ete r of the m edia, and  the w id th  of the tank, an  experim en ta l cham ber 
w as designed  to conduct the liquid m ovem ent experim ents in this study. The 
equation  used by  Schiegg and M cbride is given below:
(0.25 n) (8 (}>)/ W = (0.01 n)  Eq (2.1)
For the design  of the tank  w id th , it w as assum ed that a 25 percen t increase in
porosity  (n=40%), effective to 8 g ra in  d iam eters from  the ta n k  w alls existed, 
and  th is increase in local po rosity  d id  not cause an e rro r g rea te r th a n  1% in 
sa tu ra tion  over the w id th  of the tank. A ssum ing a m ean  g rain  d iam eter, <j), of 
0.50 m m , the w id th  of the tank, W, w as calculated to be 10 cm .
The d im ensions of the tan k  w ere 90 cm length, 60 cm  he igh t and  a w id th  of 
10 cm. An ap p ro p ria te  design  w id th  of the  tan k  w as calcu lated  in o rd er to
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ensure  that m uch of the sand  in the experim ental cham ber w ould  not be 
subjected to bou n d ary  perturbation. Figures 3.1 and 3.2 show s the schem atics 
of the experim ental cham ber. The front of the tan k  w as 1.27 cm thick glass 
and  the back of the tan k  was constructed of stainless steel panels. Sam pling 
ports to collect soil sam ples w ere installed th rough  the steel panel. The front 
glass and the back steel panel were sealed to the edges of the tank  using  
silicone caulking. Two vertical a lum inum  panels ex tend ing  a long  the 
w id th  of the tank  w ere placed inside the tan k  at 5 cm from  each side of the 
tank. Three evenly  spaced holes ( 0.25 cm in diam eter) w ere drilled near the 
bottom  of each panel. These holes were designed to enable uniform  flow of 
w ater from both sides into the tank.
A brass fitting w ith  a m anom eter attached to it w as fitted to each side of the 
tank. The m anom eters w ere used to m easure the w ater levels and  check for 
uniform ity  of w ater p ressu re  at each side of the tank. A low  volum e fum e 
hood system  was bu ilt and attached to the top of the tank. The exhaust p ip ing  
w as connected to the already existing ventilation system.
E xperim ental M edia 
In th is study, k iln-dried com m ercially-available w hite silica sand was used as 
an  experim en ta l p o ro u s  m ed ium  th ro u g h  w hich  liq u id  m ovem en t w as 
observed [Corona Industrial Sand Com pany (CISCO) Sieve 20], Tables 3.1, 3.2 







Figure 3.1 : Schematics of The Experim ental C ham ber
Manometer
Hole
Figure 3.2 : Schematics of The Experim ental Cham ber
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Table 3.1 General Properties
P roperties N orm al Range
Specific Gravity 2.60-2.65
H ardness 6 to 7 on the M oh Scale
W eight per Cubic Foot 90 lb -Average
Acid Solubility Less than 5 %
Effective Size 0.40-0.50
U niform ity  Coefficient 1 .65-m axim um
G rain  Shape A ngular to Sub A ngular
M oisture C ontent Less than 0.10%
Porosity 40 - 45 %
Table 3.2 Typical Chemical Specifications
E lem en t Percent
Silica Dioxide 93.13
A lum inum  O xide 3.60
Iron Oxide 0.10
T itanium  Oxide 0.11
Chrom ic Oxide 0.001
Calcium  Oxide 0.07
B arium  Oxide 0.04
M agnesium  Oxide 0.005
Sodium  Oxide 0.32
Potassium  Oxide 2.52
Loss on Ignition @1200° C 0.10
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Table 3.3 Typical Physical Specifications











Experimental Chamber F illing
Several s tu d ies  have  show n  th a t the liqu id  m ovem en t w ith in  a sa n d  tan k  
m odel is influenced by  the p lacem ent of sand. (Johnson, 1992; C haganti, 1990). 
The stud ies conducted  by  these researchers show ed  th a t a inconsisten t sand 
p lacem en t tech n iq u e  m ay  resu lt in  a n o n -u n ifo rm  g ra in  size d is tr ib u tio n . 
This non-un ifo rm  d is tr ib u tio n  of sand  created  a lay e rin g  effect w ith in  the 
sand  tank. D ue to th is layering  effect, experim ents w ith  rep roducib le  liqu id  
m ovem ent w as no t easily  achieved. A consisten t filling technique is essential 
to have  a uniform  p lacem en t w ith o u t any  layering  of the  sand  in side  the 
experim ental cham ber. For the pu rposes of th is s tu d y , a sand  filling  device 
w as constructed. The device w as designed  using  the princip les used b y  Glass 
(1990) for co n d u ctin g  experim ents of sim ilar na tu re . The filling device w as 
constructed  of galvanized  sheet metal.
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The d im ensions of the bottom  of filling device w ere 80 cm in length, 80 cm in 
he igh t and  10 cm in w id th . The device consisted of a flow  control screen at 
height of 60 cm from the bottom . It also consisted of d iffuser screens at height 
of 50 and 20 cm from  bottom  of the device. The flow control screen consisted 
of a 0.625 cm galvanized  w ire  m esh  placed over a pe rfo ra ted  stainless steel 
p la te  w ith  1.27 cm holes un iform ly  spaced at 1.27 cm apart. The tw o diffuser 
screens w ere  0.625 cm galvan ized  w ire mesh. The d iffuser screens and the 
flow  control screen ex tended a long  the length  of the  device. The device had 
slan ted  sides ex tend ing  from  a heigh t of 80 to 105 cm from  the bottom  of the 
device to allow  funneling  of sand. Figures 3.3 and 3.4 show s the  schem atics 
of the  experim ental cham ber filling device. In o rd er to fill the tank, the sand 
filling device w as placed over the experim ental cham ber and a cloth screen 
w as placed over the flow  control screen in  the funnel p o rtio n  of the device.
To in itia te  filling, app rox im ate ly  40 lb of sand  w as p laced  over the screen. 
The cloth screen w as pu lled  aw ay  and sand  w as con tinuously  p o u red  into the 
top, and  the top  funnel po rtion  of the device w as com plete ly  full till the tank  
w as filled. The flow  control screen and the d iffuser screens enabled  uniform  
d is trib u tio n  of sand in the  experim ental cham ber. D u rin g  the  sand  filling 
process, as the sand layer reached the level of the leak source, the  leak source 
w as inserted  th rough  the back  panel into the tank. This insertion  technique 
enab led  to reduce  layering  of sand  in  the experim ental cham ber. U sing  this 
technique, no layers in the sand  w ere observed th ro u g h  the glass front of the 
tan k . The u n ifo rm  rise  of w a te r  tab le  leve l d u r in g  th e  ex p e rim en ts  
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For this study , the selected experim ental light non-aqueous phase liquid was 
diesel. Diesel fuel is a m ixture of nearly  200 com pounds ( Block and Bishop, 
1990 ) and is highly  variable. The variability  in com position can be due  to 
sev era l factors in c lu d in g  re fin e ry  processes, ad d itiv e s  and  changes in 
com position  of the fuel by  d ifferen t fuel com panies. Table 3.4 show s the 
typical specifications and norm al properties of No. 2 Diesel Fuel ( Block and 
Bishop 1990 ).
For the pu rp o se  of consistency, No. 2 Diesel Fuel w as p u rchased  from  the 
sam e fuel sta tion  (UNOCAL 76). In o rder to m inim ize varia tion  in the fuel 
com position  and  m inim ize vapo r loss in storage, the fuel w as purchased  
w ith in  the ho u r of s ta rt of the experim ent. Four d iesel fuel sam ples w ere 
sent to Core Laboratories of Long Beach, California, for fuel characterization. 
S im ulated  d is tilla tion  analysis w as conducted  acco rd ing  to the  A m erican 
Society for Testing and M aterials ( ASTM ) Test D - 2887 for fou r sam ples. 
This test m ethod covers the determ ination  of the boiling range d istribu tion  of 
petro leum  products. Also, the carbon num ber d istribu tion  b y  percentage in 
the fuel w as determ ined . The resu lts of sim ula ted  d istilla tion  analysis and 
carbon  n u m b er by  p ercen tage  are  show n  in  F igure  3.5 an d  F igure 3.6 
respectively.
A nalysis of the diesel fuel sam ples for specific g rav ity  (ASTM D  - 287) and 
v iscosity  (ASTM D - 445 @ 100° F) w as also conducted . The d iesel fuel 
properties for the four sam ples are listed in Table 3.5. The laboratory  analysis 
of the  diesel sam ples indicate th a t the sam ples w ere re la tive ly  uniform  in
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th e ir com position , except for one sam ple. The labo ra to ry  resu lts  are  
presented  in A ppendix  I. The sam ple sent on 1 /5 /9 3  had a relatively higher 
specific gravity  value com pared to other sam ples.
Table 3.4 Typical Specifications and N orm al Properties of No. 2 Diesel Fuel.
Specifications N o rm al
Properties
API Gravity 3 0 -3 9 31.8-34.0
Specific Gravity 0.830 - 0.876 0.85 - 0.87
Flash Point, °F 135 (m inim um ) 145-165
P our Point, °F, Sum m er +10 (m axim um ) 0 - +5
W inter 0 (m axim um ) - 5 -0
Viscosity cSt at 100°F 1.9 -4.1 3.5 - 3.8
Sulfur, wt. % 0.50 (m ax im u m ) 0.42 - 0.48
Color, Saybolt 2.0 (m axim um ) 1 .0-1 .5
Corrosion, C opper Strip #1 (m axim um ) #1
D istillation, ASTM D86 (°F) 
Initial Boiling Point 300 - 320
10% Point - 355 - 380
50% Point - 450 - 550
90% Point 540 - 640 620 - 635
Final Boiling Point 600 - 690 665 - 675
C onradson C arbon on 10% Bottoms 0.15 (m axim um ) 0.03 - 0.06
Cetane N um ber 42 (m in im um ) 4 5 -4 6
* Sulfur specification on  No. 2 Diesel w ill be reduced  to 0.10 w eight 
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Figure 3.5. Sim ulated Distillation Analysis of Diesel Fuel conducted b y  Core 
laboratories on 11 /13/92
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Figure 3.6 Typical "Carbon Num ber D istribution Analysis for Diesel Fuel 
conducted by Core Laboratories on 11 /13 /92












The diesel fuel w as released th rough  a leak  source constructed of a stainless 
steel tube. A schem atic of the fuel release source is show n in Figure 3.7. The 
tube has an  in ternal d iam eter of 10 m m , w ith  15 equally  spaced holes at the 
top of the tube ( 0.76 m m  in diam eter ) . The leak source extends along the 
w idth  of the tank  and  is placed perpendicu lar to the glass front wall. The fuel 
release system  effectively sim ulated  a tw o d im ensional system  as the  fuel 
released w ould  fill the level tube and  then  spill out uniform ly th ro u g h  the 
holes at the top of the tube. The leak source w as placed in  the tan k  only 
du ring  the sand  filling process to reduce layering  of sand in  the experim ental 
cham ber around  the device.
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As the experim ent was recorded photographically, and for clear visualization, 
the  d iesel fuel w as m ixed w ith  Oil Red dye  m an u fac tu red  by  K odak 
Laboratories. The dye w as selected after conducting glass colum n experim ents 
w ith  d ifferent O il-soluble dyes includ ing  C oum arin, Cresol red , Fluorescein 
and Oil red. Before fuel was in troduced into the tank  Oil Red dye was added 
to the fuel m ixture at a concentration of (1 g /L ). The diesel fuel m ixed w ith 
oil red  dye  s trong ly  con trasted  w ith  the  w hite  silica sand  and  b o u n d ary  
b e tw een  the  sa tu ra ted  and  u n sa tu ra ted  zones w ere easily  d istingu ished . 
D u rin g  the experim ent no obvious dye separa tion  from  the diesel fuel was 
observed.
Experimental Procedure
The experim ental p rocedure  w as essentially  a three stage process. The first 
stage for each experim ent was to set up an initial w ater table level. A variable 
speed  flow  p u m p  m an u fa c tu red  by C ole-P alm er In s tru m e n t C om pany  
(Catalog # 7553-20) w as used to release w ater into the experim ental chamber. 
W ater w as released along bo th  sides of the tank  at a constant flow  rate of 12 
m l/m in  for a period  of 6 hours. Figure 3.8 show s a typical Stage 1 of each 
ex p erim en t. The in itia l w a te r tab le  level w as e s tab lish ed , for each 
experim en t, ap p rox im ate ly  at 15 cm from  the bo ttom  of the  tank. The 
m axim um  varia tion  in the initial w ater table level w as approxim ately  0.5 cm 
betw een each experim ent . A capillary fringe of thickness approxim ately  4 cm 
w as observed. The system  w as allow ed to equilibrate for one ho u r before the 
second stage w as started . The relatively  sam e w ater level in  the m anom eters 
a long the sides of the experim ental cham ber confirm ed the uniform  rising  of 
the w ater table level.
Figure 3. 8 Typical W ater Table and Capillary Fringe Level established after 
Stage 1. (W ater Table Level @ 15 cm; Top of Capillary Fringe @ 19 cm)
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The second stage involved the releasing  of diesel fuel in to  the sand  filled 
tank. The fuel was released using a M etronics RPG - 150 reciprocating p iston 
pum p. The total fuel released for each experim ent of th is s tu d y  w as 5.65 
liters. The fuel was released at a constant rate of 0.75 L /h r  for a period of 7.5 
hours. The fuel under the influence of g ravity  m oved d o w n w ard  to reach 
the w ater table and lateral sp read ing  of the fuel occurred. Figure 3.9 show s 
the  typical lateral sp read in g  of the fuel on the w a te r table. D ue to the 
additional w eight of the fuel, an increase (approxim ately 5 cm) in the effective 
w ater table level was observed. The system  w as allow ed to equilibrate for a 
period  of three hours. These two stages were conducted in the sam e m anner 
fo r every  experim en t. F igure 3.10 show s the typ ica l S tage 2 of each 
experim ent. At the end of the second stage, the sand w as initially w ater-w et 
to a height of 20 cm from  the bottom  of the tank  and w as in itially  oil-wet for 
the next 10 cm.
The th ird  stage involved the ra ising  of the w ater table at different rates for 
each  set of experim ents. For th is s tudy , th ree  set of experim en ts w ere  
conducted. Experim ents w ith  three different w ater table rise rates, 1.4 cm /h r , 
9.8 c m /h r , and  20 c m /h r  w ere conducted  by  releasing  w ater into the sand 
filled  tan k  using  the sam e variab le  speed  flow  p u m p  used  in  step one. 
F igures 3.11, 3.12 and  3.13 show s the typical S tage 3 of each rise ra te  
experim ent. The th ird  stage w as continued until the w ater table level reached 
the top of the tank. Each stage of the experim ent w as recorded using  a video 
cam era recorder m anufactu red  by  Sony C orporation. (M odel CCD TR 81). 
Sony Hi 8 M etal-E video cassette w as used to record  the film . As each 
experim ent ran  for several hours, a tim e lapse device also m anufactu red  by 
Sony C orporation  w as used to record a fram e for every  175 seconds. Still
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Figure 3.9 Typical Lateral Spreading of diesel fuel on the w ater table during 
Stage 2 of each Experim ent
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Figure 3.10 Typical Stage 2 for each Experiment
Figure 3.11 Typical Stage 3 for Rise Rate 1.4 c m /h r
n» ............  II I I p .  I j  '
Figure 3.12 Typical Stage 3 for Rise Rate 9.8 cm /h r
Figure 3.13 Typical Stage 3 for Rise Rate 20.0 c m /h r
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pho tog raphs of each stage of the experim ent w ere also taken  using  a 35 m m  
cam era. The tim e lapse  film  and  still p h o to g ra p h s  of the  ex p erim en ts  
allow ed visual data  analysis.
Soil Sam pling System
The tan k  w as designed  in such a m anner that soil sam ples could  be collected 
b y  the o p era to r at the end  of each experim ent. A to ta l of 15 sam pling  ports 
w ere  installed  th rough  the back  panel of the tank  (Figure 3.14). The sam pling  
p o rts  w ere  essen tia lly  2.5 cm d iam ete r holes. S am p ling  sy ringes w ith  a 
capacity  of 30 CC m anufactu red  by  Becton D ickinson and  C om pany  (Catalog # 
BD 662) w ere used to collect the soil sam ples. The top of the syringes w ere cut 
in  o rder to have a flushed surface. Essentially the sam pling  syringe form ed a 
cylindrical tube w hich could be d riven  into the sand in  the tank. The syringes 
w ere  p laced  ex ten d in g  o u tw a rd s  in  the  sam p lin g  p o rts  w ith  the  flushed  
surface placed along the back  panel of the tank. The syringes w ere sealed to 
the  back  panel w ith  silicone cau lk ing  to p reven t leakage of d iesel fuel and  
w ater.
D u rin g  soil sam pling , the silicone seal w as first rem oved . The syringe w as 
in serted  in to  the tan k  w hile  s im u ltaneously  w ith d raw in g  the p lu n g er and  a 
soil sam ple  w as collected. The soil sam ples w ere  th en  ex tru d ed  w ith  the 
sy r in g e  p lu n g e r  in to  sa m p le  c o n ta in e rs  a n d  w e re  s e n t to  N e v a d a  
E nv ironm en ta l L aboratory  of Reno, N evada for analysis. The soil sam ples 















All units in cm
Figure 3.14 Soil Sam pling M atrix
M o d ified . T his m e th o d  q u a n tif ie s  the  a m o u n t of T o ta l P e tro le u m  
H ydrocarbons (as Diesel) present in each sam ple using gas chrom atograph.
A t the  en d  of the  experim en t, befo re  soil sam p les w ere  co llec ted , still 
p h o to g rap h ic  im ages of each sam p lin g  p o rt w ere tak en  th ro u g h  the  front 
glass panel of the tan k  for visual analysis.
CHA PTER IV
RESULTS A N D  DISCUSSION
N ine ex p erim en ts  w ere  co n d u c ted  b y  fo llow ing  the experim en ta l p ro ced u re  
described  in  C h ap te r III of th is thesis. Three experim en ts w ere  conducted  for 
each rise rate. Soil sam ples w ere collected and  analyzed  for each rise rate. For 
each  experim en t, v isual an d  d im ensional analyses w ere  conducted .
V isual A nalysis
As m en tio n ed  earlie r, th ree  experim en ts w ere  co n d u c ted  for each rise rate . 
T he e x p e rim e n ts  w ere  re c o rd e d  p h o to g ra p h ic a lly  u s in g  a v ideo  cam era  
reco rd er. The tim e lap se  film  a llow ed  v isu a l d a ta  an a ly sis . For all the  
experim en ts, after the  LN A PL w as in tro d u ced  , the  eq u iv a len t in itia l w a te r 
tab le  level w as at 20 cm  from  the bo ttom  of the  ta n k  an d  top  of the LNAPL 
layer w as a t 30 cm. The varia tion  in  the equ iva len t w a te r tab le  level and  the 
top  of the  LNAPL layer w as w ith in  0. 5 cm b e tw een  each experim ent. As the 
w a te r tab le  level w as raised , the  LNAPL layer also ra ised  to a certain  he igh t 
fo r each  rise  ra te  befo re  b re a k th ro u g h  of w a te r th ro u g h  th e  LN A PL layer 
occurred .
F igu res 3.15 th ro u g h  3.18 a re  the  typ ical seq u en tia l s te p s  in v o lv ed  in  th e  
b re a k th ro u g h  p h en o m en a . The figures are  typ ical for the  ex perim en t w ith  
w a te r tab le  level rise ra te  of 20.0 cm  /h r . As the  w a te r tab le  level w as raised , 
th e  LN A PL layer also  raised . F igure  3.15 show s a typ ica l LNAPL layer of 
th ickness, app rox im ate ly  15 cm form ed d u rin g  stage  3 o f th e  experim ent.
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Figure 3.15: Typical sequential step in Stage 3 of the experim ental procedure
for the water table level rise rate of 20.0 c m /h r
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The sligh t "fingering  " o r "bypassing" of w ater th ro u g h  the  LNAPL layer can 
b e  observed. From  Figure 3.16, it can be seen th a t the LNAPL layer has been  
ra ised  to a g re a te r  h e ig h t an d  a lso  the  "fingering" of w a te r  th ro u g h  the  
L N A P L  la y e r  can  be  c learly  n o ted . T he n ex t se q u e n tia l  s te p  in  the  
b re a k th ro u g h  phen o m en a  is sh o w n  in F igure 3.17. The "fingering" of w ater 
an d  th e  th ickness of the  LNAPL layer before b rea k th ro u g h  of w a te r  th ro u g h  
th e  LN A PL layer can be observed . F igure 3.18 show s the b rea k th ro u g h  of 
w a te r  th ro u g h  the  LNAPL lay e r an d  la tera l sp re a d in g  o f w a te r  o v e r the 
LN A PL layer.
Table 4.1 sum m arizes the he igh t at w h ich  the b rea k th ro u g h  of w a te r th ro u g h  
the  LNAPL layer occurred  for each experim en t for each rise rate. The heigh t 
of b re a k th ro u g h  co rre sp o n d s to the  he igh t to  w h ich  the  LN A PL layer w as 
ra ised  from  the  bo ttom  of the  ta n k  before b rea k th ro u g h  occurred . From  the 
d a ta  it can be observed  tha t the LNAPL layer raised  to a g rea te r he igh t for the 
fastest ra te  (20 cm /h r )  befo re  b reak th ro u g h  occurred . U sing  th e  tim e lapse 
film , the tim e w hich  e lapsed  from  w h en  ra ising  of the w a te r table level began  
a n d  b re a k th ro u g h  of w a te r  th ro u g h  the  LN A PL lay e r o ccu rred  w as also 
calcu lated  (C alculated values m ay  be w ith in  3 m inu tes of the  actual value).
Table 4.2 sum m arizes the  tim e e lapsed  before b re a k th ro u g h  of w a te r th ro u g h  
the  LN A PL layer occurred . F rom  the d a ta  it can  be  observed  th a t tim e for 
b rea k th ro u g h  of w ater th ro u g h  the LNAPL layer is g rea ter for the  slow est rate  
(1.4 cm  /h r ) .  T im e to b re a k th ro u g h  w as ap p ro x im ate ly  sam e for the o th er 
tw o rise rates (9.8 cm  /h r  and  20 cm  /h r).
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Figure 3.16 : Typical sequential step in Stage 3 of the Experim ental Procedure
for the w ater table level rise rate of 20.0 c m /h r
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Figure 3.17 : Typical sequential step in Stage 3 of the Experimental Procedure
for the w ater table level rise rate of 20.0 cm /h r
47
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Figure 3.18 : Typical sequential step in Stage 3 of the Experimental Procedure
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A n inconsistency  in  the tim e to b reak th ro u g h  of w a ter th ro u g h  the LNAPL 
layer be tw een  each experim ent can be observed. The porosity  of the sand m ay 
h av e  been  sligh tly  d iffe ren t b e tw een  each ex p e rim en t w h ich  re su lte d  in 
d ifferen t vo lum e of w ater requ ired  for b reak th rough  of the LNAPL layer.
Figures 3,19, 3.20 and  3.21 show  the typical extent of sm earing  of hydrocarbons 
a t the  en d  of each experim en t for the  w a te r tab le  level rise  ra te  1.4 c m /h r  
w hile  F igures 3.22, 3.23 and  3.24 rep resen t the experim ents conducted  w ith  a 
rise  ra te  of 9.8 c m /h r . The typical ex ten t of sm earing  of hydrocarbons a t the 
end  of each experim en t for the  rise  ra te  o f 20.0 c m /h r  a re  show n  in Figures 
3.25, 3.26 and  3.27. R eproducib ility  of resu lts can be  o bserved  in  repetitive  
experim ents 1, 2 and  3 for each rise rate. The extent of sm earing  in each set of 
experim en ts w ere  rela tively  consisten t w ith  each o ther. T he sm earing  w as 
in fluenced  by  the  he ig h t of b reak th ro u g h  and  the  tim e to b reak th ro u g h  of 
w a te r th ro u g h  the  LNAPL layer. As d iscussed  earlie r, a fte r b reak th ro u g h  
w ater p u sh e d  the  LNAPL layer an d  started  sp read ing  over the LNAPL layer. 
A lso from  the figures, it can be  o b se rv ed  th a t th is sp re ad in g  p a tte rn  w as 
sim ilar for experim ents w ith in  each  rise  rate. F rom  the  figures, a d istinc t 
d iffe ren c e  in  th e  p a tte rn  o f sm e a rin g  can  be  o b se rv e d  b e tw ee n  th e  
experim en ts w ith  w ater table level rise ra te  of 1.4 c m /h r  an d  the faster rise  
rate , 20 c m /h r  experim ents. The rise rate  of 9.8 c m /h r  appears  to represen t a 
"transition" reg ion  betw een  the tw o d istinct p a tte rn  of sm earing.
O ne experim ent w ith  a rise rate  of 0.2 c m /h r  w as also conducted . The LNAPL 
layer raised  to a he igh t of 40 cm from  the bottom  of the  tank. A fter a period  
of 96 h o u rs  e lapsed  since the  w ater table level w as ra ised , b reak th ro u g h  of 
w a te r  th ro u g h  the  LN A PL lay e r w as o b served . F ig u re  3.28 show s the
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Figure 3.19 Typical Extent of sm earing of hydrocarbons for R un # 1 for a water
table level rise rate of 1.4 c m /h r
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Figure 3.20 Typical Extent of sm earing of hydrocarbons for Run # 2 for a w ater
table level rise rate of 1.4 c m /h r
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Figure 3.21 Typical Extent of sm earing of hydrocarbons for Run # 3 for a water
table level rise rate of 1.4 c m /h r
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Figure 3.22 Typical Extent of sm earing of hydrocarbons for Run # 1 for a water
table level rise rate of 9.8 c m /h r
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Figure 3.23 Typical Extent of sm earing of hydrocarbons for Run # 2 for a w ater
table level rise rate of 9.8 c m /h r
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Figure 3.24 Typical Extent of sm earing of hydrocarbons for Run # 3 for a w ater
table level rise rate of 9.8 c m /h r
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Figure 3.25 Typical Extent of sm earing of hydrocarbons for Run # 1 for a w ater
table level rise rate of 20.0 c m /h r
58
Figure 3.26 Typical Extent of sm earing of hydrocarbons for Run # 2 for a w ater
table level rise rate of 20.0 cm /h r
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Figure 3.27 Typical Extent of sm earing of hydrocarbons for Run # 3 for a w ater
table level rise rate of 20.0 cm /h r
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Figure 3.28 Typical Extent of sm earing of hydrocarbons for Rim # 1 for a w ater
table level rise rate  of 0.2 c m /h r
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b reak th rough  of w ater th rough  the LNAPL layer. As can be observed, the 
b reak th rough  w as not identical to o ther experim ents. The b reak th rough  w as 
n o t clearly  observed  th ro u g h  the  fron t of the glass. The b reak th ro u g h  of 
w ater th rough  the LNAPL layer had  occurred inside the tank  and  the w ater 
table level continued to raise w hile the LNAPL layer w as held  behind. D ue to 
ex traneous reasons the experim en t w as d iscon tinued  before the w ater table 
level reached  the top of the experim ental cham ber. A lthough  no defin ite  
conclusions w as m ade from  this experim ent, it suggested  tha t fu tu re  w ork  
shou ld  be conducted  to determ ine  the  influence of relatively  slow  rise rates 
on  the heigh t and  tim e to b reak th rough  of w ater th rough  the LNAPL layer. 
G raphical rep resen ta tions of the heigh t of b reak th ro u g h  and  tim e e lapsed  
since w ater table level w as ra ised  before b reak th rough  of the  LNAPL layer 
occurred are presented in A ppendix  II.
V isual analysis also indicate  that b reak th rough  of w ater th rough  the LNAPL 
layer does no t depend  on the m in im um  thickness of the LNAPL layer before 
b reak th ro u g h  of w ater th rough  the  LNAPL layer occurred . The m inim um  
thickness of the LNAPL layer before b reak th rough  occurred  varied  betw een 
each rise ra te  experim ent. N o  consistent re la tionsh ip  betw een  the rise  ra te  
an d  m in im u m  th ickness of LNAPL layer befo re  b reak th ro u g h  of w a ter 
th rough  the LNAPL layer w as observed.
H ydrocarbon D istribu tion  and  D im ensional A nalysis
As d iscussed  earlier in C hap ter III of this thesis, soil sam ples w ere collected
for one  experim ent for each rise rate. The soil sam ples w ere  analyzed  for
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T otal P e tro leum  H ydrocarbon  (TPH) concentra tion  by EPA M ethod  8015 
M odified . T he soil sam pling  locations are  show n in F igure  3.14. The 
hydrocarbon  concentration values at each sam pling location are sum m arized  
in Table 4.3. From  the data  it can be observed that, w ith  several exceptions, 
the  h y d ro ca rb o n  concen tra tion  at each sam p ling  loca tion  an d  at each 
sam pling  level increased as the rise rate  increased. From  table 4.3, it can be 
n o ted  th a t the  to tal pe tro leum  hydrocarbon  concen tra tions in  the  system  
w ere h ighest for the fastest rise rate  (20 cm /h r). The reasons for the difference 
in the  total hydrocarbon  concentration am ong experim en t could  be include: 
v o la tiliz a tio n , iso la ted  "pockets" of LNAPL, sa m p lin g  lo ca tio n s, an d  
uncertain ity  in the  precision of the analytical results.
For th e  slow  rise  ra te  (1.4 c m /h r )  ex p erim en t in  w h ich  h y d ro ca rb o n  
concentration data  w as collected, it took approxim ately  25 hours for the w ater 
table level to reach the top of the experim ental cham ber w hile for the other 
tw o rise rates, 9.8 c m /h r  and 20 c m /h r  it took 4 and 2 hours respectively. Due 
to the  tim e difference in each experim ent before soil sam ples w ere collected, 
v a ry ing  am o u n ts  of vo latilization  of the  diesel fuel cou ld  have  occurred. 
A lth o u g h  d iese l fuel is re la tiv e ly  n o n -v o la tile , th e  s ig n ifican ce  of 
volatilization  in the system  was no t accurately determ ined  d u e  to the lack of 
ab ility  to  m easu re  the total q u an tity  of d iesel v ap o r re leased  d u rin g  each 
experim en t.
After b reak th rough  of w ater th rough  the LNAPL layer, the extent of vertical 
diesel d istribu tion , otherw ise term ed as sm earing, w as no t sym m etrical along 
both  sides of the experim ental cham ber. The extent of sym m etry  decreased as 
the  rise  ra te  increased . As show n in F igures 3.19 th ro u g h  3.27, iso lated
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Table 4.3 Total Petroleum Hydrocarbon Concentration in Parts Per Million (ppm)
RISE RATES (cm /hr)
LOCATION 1.4 9.8 20
LI 72,000 130,000 190,000
Cl 36,000 110,000 190,000
R1 82,000 90,000 150,000
L2 94,000 150,000 150,000
C2 130,000 83,000 120,000
R2 26,000 15,000 98,000
L3 16,000 28,000 38,000
C3 180,000 140,000 200,000
R3 30,000 24,000 36,000
LA 4,700 3,500 16,000
C4 140,000 120,000 200,000
R4 2,500 22,000 33,000
L5 9,400 15,000 34,000
C5 14,000 24,000 29,000
R5 19,0 00 22,000 20,000
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"pockets" of LNAPL can be observed. O w ing  to this iso lation  of "pockets" of 
LN A PL, it can be o b se rv ed  from  the  figu res tha t certa in  sam ples co llected  
w ere  n o t rep re se n ta tiv e  of th e  sam p lin g  level. The iso la ted  "pockets" of 
LNAPL be tw een  sam pling  locations and  the asym m etrical n a tu re  of sm earing  
m ay  acco u n t for the  v a ria tio n  in  to ta l h y d ro c a rb o n  co n cen tra tio n  values 
o b se rv ed  am o n g  th e  ex perim en ts . A lso , o p e ra to r  e rro r m ig h t hav e  been  
in tro d u c e d  d u r in g  sa m p le  co llec tio n , a n d  a n a ly tic a l re s u lts  fo r T PH  
concen tra tion  can v a ry  w ith in  10% w hich  cou ld  accoun t for the d ifference  in 
to tal h y d ro ca rb o n  concentra tion .
F rom  the  d a ta  p re se n te d  in  T able 4.3, it can  be  n o te d  th a t h y d ro ca rb o n  
c o n cen tra tio n  o f sam p le s  co llected  a t L evel 4, loca ted  a t 25 cm  from  the 
b o ttom  of the  tank  are  low er than  for sam ples collected at Level 5, located at 
15 cm  from  the bo ttom  of the  tank. As sh o w n  in F igures 3.8, 3.9, an d  3.10 it 
can be seen  tha t the  san d  at Level 5 w as in itially  sa tu ra ted  w ith  w ater, and  at 
Level 4 (because the soil w as orig inally  dry) the san d  w as sa tu ra ted  w ith  diesel 
before  w a te r cam e in to  contact w ith  the soil particles. As m en tio n ed  earlier, 
the  su rface  ten s io n  of d iese l fuel is less th a n  th a t o f w a ter, w h ich  im plies 
d iesel has re la tive ly  lesser ability  to cohere to itself w hen  com pared  to w ater. 
A lso, w a te r is re la tive ly  m ore  adhesive  to m ost soils than  d iesel, an d  san d  
b e in g  g e n e ra lly  h y d ro p h ilic  in  n a tu re , w a te r  te n d s  to  a d h e re  to  sa n d  
p refe ren tia lly  co m p ared  to diesel. It is h y p o th es ized  th a t m ore  oil res id u a l 
w as re ta in ed  in  the  low er section  (Level 5) ra th e r  th an  Level 4 because  the  
in itia l peresence  of w ater a llow ed  the LNAPL to be trap p e d  d u e  to in terfacial 
ten s io n  forces. In  Level 4, w h ich  w as firs t sa tu ra te d  w ith  N A PL , w a te r 
e n te red  on ly  after th e  non  aqueous p h ase  w as d isp laced . T rap p in g  of oil- 
p hase  g lobules w as, therefore, p robably  m ore d ifficu lt in  Level 4. The h igher
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TPH  concentration  exhibited in  Level 5 m ay be a ttribu tab le  to this difference 
in  a b ility  to c ap tu re  d iese l g lobu les. The tre n d  in  d iffe rence  in the  
co n cen tra tio n  va lues b e tw een  Level 4 an d  Level 5 w as ob se rv ed  to be 
consistent for all the three rise rates.
The overall correlation  of the total hydrocarbon  concen tra tion  w ith  red  dye 
color density  can be verified by  com paring  the results of the total hydrocarbon 
concentra tion  (THC) from  table 4.3 and  the color in tensities of the red  dye  in 
F igures 3.21, 3.24 and  3.27. C om parisons of F igure 3.21 for the 1.4 c m /h r  rise 
ra te  w ith  th e  co rre sp o n d in g  TH C va lues in  T able 4.3 su g g e s t th a t the  
co n cen tra tio n  values w ere  in  re la tiv e  ag reem en t w ith  th e  v isib le  color 
in te n s ity  w ith  tw o excep tions. The co ncen tra tion  v a lu es from  sam p lin g  
locations R4 an d  L4 w ere low er than  R5 and  L5 w hile the  color in tensity  w as 
ty p ica lly  d a rk e r  for R4 an d  L4 re la tiv e  to th a t of R5 a n d  L5. S im ilar 
com parisons of results for the experim en t w ith rise rate  of 9.8 c m /h r  indicate 
th a t the  v isib le  color in ten sity  a t sam p lin g  locations R2 an d  L4 d id  no t 
correlate to the THC values. From  Figure 3.27 (rise ra te  20.0 c m /h r)  and  Table 
4.3, it can be observed that the THC values at sam pling  locations C2, L2 and  L4 
d id  no t correlate to the red  dye  color in tensity  .
From  Table 4.3 it can be observed  tha t the hydrocarbon  concentration  values 
for sam p les collected from  the  cen ter of the e x p erim en ta l cham ber w ere  
re la tive ly  h igher com pared  to the values for the sam ples collected along the 
s id e s  of th e  e x p e rim e n ta l c h am b er. The m a rk e d  d iffe ren c e  in the  
concentra tion  values betw een  the  m idd le  and  side of the tanks occurred  for 
all the  th ree  rise  rates, and  can be a ttribu ted  to the difference in  the degree of 
sa tu ra tio n  of d iesel fuel in side  the  tank. The deg ree  of sa tu ra tio n  of the
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diesel fuel w as re la tive ly  g rea ter along the  cen ter than  the side of the tank. 
This d ifferen tia l sa tu ra tio n  of the  diesel fuel cou ld  have  re su lted  in  the  
isolation of diesel fuel along the center of the  tank. Figures 3.19 th rough  3.27 
show  the iso lation  of LNAPL along the center of the  experim ental cham ber. 
This iso lation  resu lted  in  h igher concen tra tion  values for sam ples collected 
from  the center of the  cham ber.
For d im ensional analysis p u rposes, the sam ples collected from  the cen ter of 
the experim ental cham ber w ere  no t considered . D ue to the non-sym m etrical 
n a tu re  of sm e a rin g  a lo n g  the  sides of th e  e x p e rim e n ta l ch am b er, the  
geom etric  m ean  of the  hyd ro carb o n  co ncen tra tion  va lues for the  sam ples 
collected from  the sides of the cham ber w as calculated. Table 4.4 sum m arizes 
the  calculated geom etric  m ean  concentration values for each sam pling  level.
As d iscussed  earlier in C hap ter II of this thesis, liqu id  p roperties like density , 
viscosity, surface tension, and  interfacial tension  can be expressed in  term s of 
d im e n sio n less  n u m b ers . The d im en sio n less  n u m b e rs  c o n s id e re d  w ere  
R eynolds, F roude, W eber, C apillary, and  Blake. As defined  earlier, R eynolds 
N u m b er is d e fin ed  as the ra tio  of inertia l to  v iscous forces, w h ile  F roude  
N u m b er is the ratio  of inertial to gravity  forces. W eber N um ber is defined  as 
the ra tio  of inertia l to surface tension forces w hile  C ap illary  N u m b er is the 
ratio  of viscous to in terfacial tension forces. Blake N u m b er is defined  as the 
ra tio  of inertial to viscous forces and  it a lso accounts for the m edia  p ro p erty  
like porosity . The d im ension less num bers w ere  calcu lated  using  the  liqu id  
p ro p e rtie s  d e te rm in e d  by  lab o ra to ry  analysis. T able 4.5 su m m arizes  the  
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All the  d im ension less num bers increased  in d irect p ropo rtion  to rise rate  V. 
The geom etric  m ean  hyd rocarbon  concen tra tion  values at each sam p ling  
level w as co m p ared  w ith  the d ifferen t d im ension less num bers. G raphical 
com parisons of the  d im ension less nu m b ers  w ith  concen tra tion  va lues are  
p resen ted  in A ppend ix  III. From  the d im ensional analysis, the  C apillary  
num ber, ratio  of viscous to surface tension forces, w as relatively  g rea ter than 
o th er d im ension less num bers. It can be  o bserved  from  the va lues of the 
dim ension less num bers that the  viscous, g rav ity  an d  surface tension forces to 
be d o m in a n t over the  inertia l forces. A lthough  the  v isua l analysis of the 
e x p erim en ts  m ig h t su g g est th a t th e  b re a k th ro u g h  of w a te r  th ro u g h  the 
LNAPL layer is due  to the inertial forces of w ater acting on  the LNAPL layer, 
d im ensional analyses suggest th a t the  b reak th ro u g h  of the  LNAPL layer is 
due  to com bination  of forces like inertial, viscous and  surface tension  forces.
The experim en ts conducted  for this s tu d y  are  closely re la ted  or an  extension 
of the w ork  conducted  by p rev ious researchers. O stendorf et al. (1993) stud ied  
the vertical d is tr ib u tio n  of free an d  res idua l av ia tion  gaso line  th ro u g h  the 
capillary  fringe of a uniform  m ed ium  sand. Field d a ta  w hich  included  dep th  
to w a te r, th ickness of free p ro d u c t in  the m on ito rin g  w ells w ere  u sed  to 
calcu late  th e  re s id u a l sa tu ra tio n  in the  m ed iu m  and  calib ra te  an  ex isting  
m odel. F o r th is  th es is , the  v e rtica l d is tr ib u tio n  of th e  h y d ro c a rb o n  
concentra tion  w as m easured . D ue to the  design  aspects of the physical sand 
tank m odel u sed  for th is study , dep th  to w ater and  the th ickness of the  free 
p ro d u c t in a w ell could  not be m easured . D ue to the  lack of da ta , the m odel 
used  by O stendorf et al. w as inappropria te  to be applied  to this study.
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Feenstra et al. (1991) developed  a m ethod to assess the residual NAPL based 
on  o rgan ic  chem ical concen tra tions in  soil sam ples. The resu lts  of the  
experim ents co n d u cted  for this thesis can be  u sed  to verify  the  m ethod  
d e v e lo p e d  by  F e e n s tra  et al.. T he m odel e s tim a te d  th e  chem ical 
concentration in the pore  w ater using the total chem ical concentration in the 
soil, and o ther m edia properties including d ry  bu lk  density , and  w ater-filled 
porosity . T he p resence of residual N A PL can be assessed  based  on  the 
calculated  chem ical concentra tion , and  the so lub ility  of the com pound  in 
w ater. If the chem ical concentration in the p o re  w ater is g rea ter than  the 
so lu b ility  of the  co m p o u n d  in w ater, p resence  of re s id u a l N A PL is 
confirm ed .
F een stra  et al. u se d  the  fo llow ing  e q u a tio n  to  ca lcu la te  the  chem ical 
concentration in the pore  w ater
Cw = (Ct p b) /  (4* w)
w h ere
C w is the chemical concentration in the pore w ater 
Ct is the Total chem ical concentration in the soil sam ple 
Pb is the bulk density  of the m edium  
<j) w is the w ater filled porosity
C onsidering  the range  of hydrocarbon  concentra tion  values (2,500 -200,000 
p p m ) o b ta in ed  from  o u r ex p erim en ts , it can be ca lcu la ted  th a t the  
concentration of the  LNAPL in the pore  w ater is relatively  grea ter than  the 
so lub ility  of any  com ponen t of the LNAPL. For exam ple  benzene  is a 
relatively  easily soluble com pound in diesel, and  it has a solubility  lim it of
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1800 m g /L  (ppm ) in  w a te r. C o m p a rin g  th e  ra n g e  of h y d ro ca rb o n  
concen tra tion  values ob tained  from  the experim ents w ith  the so lubility  lim it 
of ben zen e , the  p resence  of re s id u a l N A PL in  the so il sam p les  can be 
dem onstra ted . A ssum ing a porosity  of 40%, the pore  w ater concentration of 
the  LNAPL ranges from  approxim ately  1.25 % to 100%. The resu lts confirm ed 
th a t n on  aqueous liquid  m ust exist in all soil sam ples because  the solubility  
lim its are far exceeded.
T he ex p erim en ts  co n d u cted  for th is s tu d y  are s im ila r to the  experim en ts 
conducted  by G lass et al. (1990) to stu d y  w etting  front instab ility  phenom ena. 
E x p erim en ts  c o n d u c ted  by G lass et al. in d ica ted  th a t th e  w e ttin g  fron t 
instab ility  causes form ation of "fingers" w ith  d ifferen t velocities, w id ths and 
flow  rates. These researchers perfo rm ed  d im ensional analyses to express the 
finger w id th  an d  finger ve locity  in  te rm s of m o is tu re  con ten ts , sa tu ra ted  
conductiv ity  and  sorptivity . In  this thesis, unlike the w ork  of G lass et a l, for 
th is thesis , d im ensional analyses w ere  used  to s tu d y  the  u p w a rd  vertical 
m ig ra tio n  of the  LNAPL and  w ater in the po rous m ed ia , by  expressing  the 
liq u id  a n d  the m edia  p ro p ertie s  in  term s of d im ension less num bers. The 
finger w id th  an d  velocity for w ater to b reak th rough  the LNAPL layer cannot 
be fu lly  ex p re ssed  d u e  to lack  of d a ta  for certa in  p a ra m e te rs  in the  
ex p erim en ta l d a ta  in th is thesis , p a rticu la rly  sa tu ra te d  c o n d u c tiv ity  and  
m o is tu re  content.
T he experim en ts conducted  for th is thesis can be re la ted  to  the extensive 
w ork  done  by Schwille (1988) using  DNAPLs. Schwille calculated  values for 
re s id u a l sa tu ra tio n  of ch lo rinated  hydrocarbon  (CHC) in  b o th  u n sa tu ra ted  
an d  sa tu ra ted  m edia. H is conservative , low er b o u n d  estim ates of residual
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NA PL saturation  in sa turated  porous m edia ranged from  5 to 50 L /m 3. The 
h y d ra u lic  co n d u c tiv itie s  of the  p o ro u s  m ed iu m  u sed  in S chw ille 's  
experim en ts w ere  in the range of 10 '2 to 10'4 m /se c . The ex p erim en ts  
conducted  for this thesis also quantita tively  dem onstra ted  the difference in 
residual sa turation  in the different zones.
The sand used in  the experim ents used  for th is thesis had  a porosity  of 40 - 
45% and  bulk density  of 1.59 g /c m 3. U sing these approxim ate  values, the 
residual sa turation  for a TPH concentration of 2500 ppm  was calculated to be 
ap p ro x im ate ly  5.5 L /m 3. The h ighest TPH  concentration  ob tained  in the 
experim ents conducted  for this thesis was 200,000 ppm  (sam pling location C4 
for 20.0 c m /h r  rise ra te  experim ent). This va lue  corresponds to a residual 
sa tu ra tion  of approx im ate ly  445 L /m 3. This h igh  residual sa tu ra tion  value 
im plies total oil sa tu ration  a t the sam pling location and also correlates to the 
red  dye color in tensity  observed at the sam pling location. The low er estim ate 
of the residual sa tu ra tion  is in relatively  good  agreem ent w ith  the values 
calculated by Schwille.
CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS 
C onclusions
This thesis focused on u n d e rs tan d in g  the m ovem ent of d iesel fuel in the 
u n sa tu ra te d  zone due  to flu c tu a tin g  w a te r table  levels at d ifferen t rates. 
W hen the  w ater table is raised  at a faster rate, the LNAPL layer above the 
capillary fringe also raised to a g reater height in the unsa tu ra ted  zone before 
w ater broke th rough  the LNAPL layer. N o consistent rela tionsh ip  existed 
betw een  the rise ra te  and  the m in im um  thickness of the LNAPL layer before 
break th rough  of w ater th rough  the LNAPL layer occurred.
O bservation  of the experim ents also show ed th a t the tim e e lapsed  since the 
w ater table level w as raised  before the b reak th rough  of w ater th rough  the 
LNAPL occurred  w as g rea ter for the rise rate  of 1.4 c m /h r . It w as also 
observed  that the tim e to break th rough  of the LNAPL layer was approaching 
a sim ilar value for the o ther tw o rise rates of 9.8 c m /h r  and  20 c m /h r. A 
d is tin c t d ifference in  the p a tte rn  of sm earing  w as o bserved  betw een  the 
experim ents w ith  w ater table level rise rate  of 1.4 c m /h r  and  the faster rise 
rate, 20 c m /h r  experim ents. The rise ra te  of 9.8 c m /h r  appears to represent a 
"transition" region betw een the tw o distinct pa ttern  of sm earing.
R esu lts  o f so il sa m p le  an a ly s is  fo r T o ta l P e tro le u m  H y d ro c a rb o n  
concentration revealed that as the rise rate  of the w ater table level increases, 
the am ount of hydrocarbons left beh ind  increases for each sam pling level.
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A nalytical resu lts  also show ed  that the ex ten t of sm earing  of hydrocarbons 
dep en d ed  on the initial conditions of the system . A nalytical results of the  soil 
sam ples show ed  th a t w h en  the sand  w as in itia lly  sa tu ra ted  w ith  oil, and  
w hen  the w a ter table  level w as raised , lesser am oun ts of hydrocarbons w ere 
left beh ind  w hen  com pared  to regions in itially  sa tu ra ted  w ith  w ater fo llow ed 
by  oil add ition  in the system .
D im ensional analyses w ere  pe rfo rm ed  by  exp ressing  diesel fuel p ro p erties  
like  density , v iscosity , su rface  tension  an d  in terfac ia l tension  in  term s of 
d im ension less num bers . All the d im ension less num bers increased  in d irec t 
p ro p o rtio n  to rise  ra te  V. The d im en sio n less  n u m b ers  w h ich  in c lu d ed  
Reynolds, Froude, W eber, C apillary and  Blake num bers w ere com pared  to the 
h y d ro ca rb o n  con cen tra tio n  a t each sam p lin g  level. D im ensional analysis 
sh o w ed  th a t the  C a p illa ry  n u m b er, d e fin ed  as th e  ra tio  of v iscous to 
in te rfac ia l ten sio n  forces to be re la tiv e ly  la rg e  in m ag n itu d e . A lso, the  
viscous, g rav ity  an d  surface tension forces w ere  relatively  dom inan t over the 
in e rtia l forces ac ting  on  the  system . A lth o u g h  v isu a l an a ly sis  of the  
experim ents suggest tha t the break th rough  of w ater th rough  the LNAPL layer 
is d u e  to the inertia l forces of w ater acting on  the LNAPL layer, d im ensional 
analyses su g g est th a t b re a k th ro u g h  p h e n o m e n a  is g rea tly  affected  by  a 
com bination of forces including , inertial, viscous and  surface tension forces.
R ecom m endations
The research  co n d u c ted  for th is thesis has p a v e d  w ay  for m any  possib le  
d irections of fu tu re  research. Future experim ents shou ld  try  to define  the
75
th resh o ld  value for u p w a rd  m ovem en t of w ater th ro u g h  the  LNAPL layer 
an d  th e  th ic k n ess  of the  LN A PL lay e r befo re  b re a k th ro u g h  occurs. 
E xperim ents can be conducted  u sing  a taller physical san d  tank  m odel. A 
re la tionsh ip  th a t needs to be estab lished  is the m ovem ent of diesel fuel due  
to fluc tua ting  w ater table levels in  a varie ty  of u n d e rg ro u n d  env ironm ents, 
includ ing  d ifferent sizes of sand  and  clay particles. It w as observed  from  this 
thesis th a t in itia l sa tu ra tio n  cond itions affect the  sm earin g  an d  therefo re  
fu tu re  w ork  can  in c lu d e  co n d u c tin g  ex p erim en ts  by  v a ry in g  the  in itia l 
sa tu ra tio n  cond itions of the m edia. The experim ents cou ld  be carried  ou t 
after the m ed ia  is fully  sa tu rated  w ith  w ater.
F u rther w ork  shou ld  also be done to u n d e rs tan d  the effect of very  slow  rise 
ra te s  o n  th e  m o v em en t of L N A PL  in th e  u n s a tu ra te d  zo n e . The 
con tam ination  d istribu tion  due  to low ering  the w ater table level a t d ifferent 
ra te s  an d  u n d e r d ifferen t m ed ia  sh o u ld  be s tu d ied . F u tu re  w o rk  using  
d ifferen t LNAPLs shou ld  be carried  o u t for u n d e rs tan d in g  the  in fluence of 
liqu id  p roperties  like density , viscosity and  surface tension on  contam ination  
d is trib u tio n .
APPENDIX I
LABORATORY ANALYTICAL REPORTS FOR DIESEL FUEL CHARACTERIZATION
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~, 4 -0 1 a e c i iv l-2 -2 t i i iy lb e n z e n e  
[ '  3 -D iaeciiy l-4 -5C L iyL b en zen e  
1 , 2 - O ia e c i iy l - 4 -£ t i iy lb e n z e n e
1 . 3 - 0  ia e c i iy  1 -  2 -  S tiiy  lb e n z en e  
1 , 2 -O im eciiy 1 -  3 - SCiiy lb e n z en e
0 6 —5 3 ?a<
0 . 0 2 1 2 0 . 0 2 5 0 0 . 0 3 4 5
0 . 0 3 3 2 0 . 0 4 0 5 0 . 0 5 4 1
0 . 1 0 0 6 0 . 1 3 6 3 0 . 1 5 0 3
0 . 0 3 1 3 0 . 0 3 8 5 0 . 0 5 1 0
0 . 0 3 2 1 0 . 3 3 9 6 0 . 0 5 2 3
0 . 0 0 7 3 0 . 0089 0 . 0 1 1 9
0 . 0 0 7 0 0 .  0095 0 . 0 1 0 0
0 . 0 0 6  2 0 . 0 0 7 5 0 . 0 1 0 1
0 . 01 3  2 0 . 0 1 7 4 0 . 0 1 3 7
0 . 0 4 0 3 0 . 0496 0 . 0 6 5 5
0 . 0 6 3 5 0 . 0730 3 . 0 9 1 9
0 . 0035 0 . 0 0 5 3 0 . 0056
0 . 10 2 5 0 . 1255 0 . 1 4 3 2
0 . 0 2 4 5 0 . 0 3 2 5 0 . 0 3 4 9
0 . OSol 0 . 0 6 1 9 0 . 3965
0 . 1 5 3 3 0 . 1367 0 . 2902
0 . 0821 •0 . 109 0 0 . 1 1 5 9
0 . 0674 0 . 0902 0 . 0 9 5 9
0 . 0531 0 . 0 5 3  1 0 . 1 0 0 0
0 . 1 4 4 5 0 . 1 7 5 4 0 . 2 0 9 1
0 . 2 3 3 0 0 . 3 1 5 5 0 . 3 3 3 7
0 . 0823 0 . 3913 0 . 1 2 5 7
0 . 1 2 0 3 0 . 1504 0 . 1 5 4 3
0 . 1 7 2 7 0 . 2263 0 . 2 2 1 5
0 . 1 5 9 2 0 . 1 3 7 6 0 . 2 5 7 0
0 . 0 8 3 2 0 . 0975 0 . 1 3 3 9
0 . 1 0 1 2 0 .  112 4 0 . 1 5 3 7
0 . 3404 0 . 3 7 5 2 0 . 5 1 7 0
0 . 0 7  50 0 . 0825 0 . 1 1 5 4
0 . 1 9 1 7 0 . 2502 0 . 2 4 5 9
0 . 2 4 0 3 0 .  2633 0 . 3 4 4 3
0 . 2 2 3 7 0 . 2 5 2 5 0 . 3 2 4 6
0 . 5 5 4 5 0 . 3 5 6 j 0 . 3395
0 . 1 2 2 5 0 .  1372 0 . 1 5 6 6
0 . 1 6 5 4 0 . 1 7 5 8 0 . 2 5 1 2
0 . 0755 0 . 0 8 5 4 0 . 1 0 4 6
0 . 0392 0 . 0 4 3 7 0 . 3  53 3
0 . 5 2 0 1 0 . 5 1 5 0 0 . 3 0 3 2
0 . 0753 0 . 0 8 4 6 0 . 1 0 3 3
0 . 1 0 7 4 0 . 1 1 9  3 0 . 1 4 6 0
0 . 0 3 2 5 0 . 3 3 6 4 3 . 0 4 4 2
0 . 0 7 1 3 0 . 0 7 3 6 0 . 0 9 7 5
0 . 5 1 4 7 0 . 5 6 3 2 0 . 5 9 9 9
0 . 0 8 7 2 0 . 0 9 5 0 0 . 1 1 3 5
0 . 1915 0 . 2 0 3 9 3 . 2 5 0 4
0 . 0 5 9 8 0 . 0 6 5 3 0 . 0813
0 . 0724 0 . 0773 0 . 0 9 3 5
0 . 4472 0 . 4793 3 . 5031
81
m
W e a t e m  A e i a a  
t r r t e m a e i o n a i
CORE LABORATORIES
P roj ec"  Mo. 930007-;: O aca: Q1
n—G ndecane
U n id e n e i f le d  C - l l  Compounds
1 , 2 ,  + , 5 -r e c r a m e c iiy  lb e n z e n e  ( Ourene)
1 , 2 , 3 , S - Te z r a m e z n y l b e n z e ne  ( I sc d u r e n e )
N ap h xiia len e
r t-b o d eca n a (C -I 2 )
C -12 c iiru  C-13 
n - T r id e c a n e (C -1 3 )
C-13 z iiru  C-14  
n -1 4
C -14 o lu s
. - 0 6 - 9 3 ?a<
1 . 0 7 1 3 1 . 3 3 1 5 1 . 2 5 1 0
2 . 2 7 6 4 2 . 9 1 5 4 2 . 7 2 9 4
0.  1045 0 . 1 1 2 7 0 . 1 4 2 3
0.  1032 0 . 1 1 5 2 0 . 1 4 7 1
0 .  1724 0 . 1 4 0 6 0 . 2 4 5 5
0 . 2 0 2 3 0 . 2 5 7 5 0 . 2 1 7 2
4 . 5 7 1 3 5 . 5312 5.. 0 15 6
0 . 5 0 7 5 0 . 3333 0 . 5 0 1 5
5 . 0 3  50 5 . 3 4 7 3 5 . 1594
0 . 5 7 0 6 0 . 5 4 3 3 0 . 5 2 5 1
7 7 . 0 3 3 3 7 4 . 3 1 3 5 72 . 3359
9 9 . 9 9 9 5 9 9 . 9 9 9 6 1 0 0 . 0 0 0 6
S p e c i f i c  G ra v iry  o f  C oca! 3am ple=  3 . 9 6 0 9
S p e c i f i c  G ra v iz y  o f  H exanes ? Iu s=  0 . 9 6 1 1
M o le c u la r  W eighc o f  C o ca l 3 a n p le =  132 . 3 0 9 0











. 0 0 0 0  
9063  
9795  
7 3 6 1
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W ik CCRE LA3CRATCRIES
W e s c o m  A d a s
I n t e r n a t i o n a l _______________________ _____________________________________________________________________________
A J A L I T Y A 3 5 'J I A 1 0 E I ;  
01 /0 7 /9 3
3 3 * ■
SCO 1U13ES: 930CQ7 3JST0HEH: U n iv e r s i ty  a r  N evada, Las /e ^ a s ATTM: -ay S a a ao a c n :
analysis OUPLICATES ?EF=J£J*CS STANDARDS MATRIX IP 'X ES
ANALYSIS ANALYSIS {analysis AHALY2SD 0UPLICATE jRPO j r TRUE :?6RCEMT ORIGINAL iSPIKE 1 PERCENT
TYPE is u a - r r p s | i . j . VALUE IA) VALUE 13) {<|A - i | 0 VALUE ;RgC3Vg.RT /ALUE ; ADDED ’RECOVERY
PARANETERrCravi cy, API 1 60 l e g  ? OATE/rjNE ANALY2E3.-J1/06/93 11:23 RC 3ATCX VUHSER:936509
REPORTING '.IN IT/O F: -20 UNITS:0eg_ API 1ETHCO lE'E.IE.ICS :ASTH 3-237 tec:i n i c i a n : pclii
OUPLICATE A n a ly t ic a l 922770-3 39 .9 5 9 .9  1 3 i : j
OUPLICATE A n a ly t ic a l 9 2 2 3 1 1 -!Q -5 .3 - 0 .2  J 0 ; ! i
DUPLICATE A n a iy t ic a l 922311-20 A7.0 - 7 .0  | 3 i i
P«RANE7SR:vlscasi ry  A 100 Beg : OATE/TIHE ANALYSES:0 1 /0 6 /9 3  1T;2J
i
Z C  3ATCJC U *BEH;9363-C5l
REPORTING HIT/OP: 3.31 UNITS:=Sc 1ETHC0 lErERE.MCS :ASTH r s a H i c r A x i P c - i
DUPLICATE A n a iy c iea l 922311-10 1.76 0 .76  0
0UPLICATE A n a ly tic a l 922311-20 3 .76 1.75 1 t i : : 1
P«*ANE7ER:*eia E au iv a ien c  /a o o r  ’ r e i s u r e OATE/TIME ANALYZED:01/06/9J -1 :2S 3C 3ATCH ILHBER:9 3 6 5 5 5 1
REPORTING M U/OF: 3 .2 5 UNITS:33l METHOD TErEREHCE :AST» 0-3191 TSCHNIClAH:PCM
STAN0AR0 R e r, !2 ,2 -0H 8 . 10.31 1 : a <20 ; :0Q
OUPLICATE
j
















































5700 S h e r ry  A venue 




W s s w r n  A c l o a  
I n t a m a t i o n a l
CCRE LAaCRATCRIES
j j > ■. i : ( ( i > j m  : ■ ! - j j i  :
3 1 /0 7 /9 3
JC8 1UtaE3:  730007 3USTCNE3: Jn iv e rs iC Y  sT Vavaca, . js V e g a s ATT N r J a y  J a o a o s r n i
O s ' 3jo A n a ly sis 3ATE ANALTIE0: 0 1 /0 6 /9 3  TIME ANALYZED: 38:11 METHOD: J e t Cao A n a ly s is DC MUK8£ 2 :9 3 6 3 7 3
! 'H  ( (  !
TEST JESGHPTICM ANAL? aJB-TYPElANAurSiS : . J .  DILUTION •ACT0SIANALYZED /AL'JE OETSCTIQH Li K IT ' UNI75  3F KEASU2S
A rom acics, T o tat Neaqanc H al: un  , 1 ! <0.3001 I 0 .3 0 0 1 |l« ; !
S en teo* 2eaganc  Hel iua ! 1 <0.3001 ! 3 .3001 ! i v  x. |
O le r tn s ,  "ocal le a g en c  H e liu s  , 1 <0.3001 I 3 .3001 ! iv  s  |
P a r a f f in s ,  Total N aagent H e u u a  I <0.3001 0 .3 0 0 1 1 lv  5  i
[sa o en c a r* N eaqent H ell u s  ' ! <0.3001 j 3 .3 0 0 1 j l v  X j
Hecnane 3eagenc H e iiu s  i 1 <0.3001 0 .3 0 0 1 j tv  X i
3 u ta n e D eagent 1 H e u u a  1 ! <0.3001 1 3 .3001 i i v  :  i
Peneanes D eaqent H e iiu s  ' t
i
<0.3001 | 3 .3001
i
; i v  x
3700 C fia rrv  Averxjo 
. a n g  3 o a c a , 3A 70807 




W e a t a m  A d a s  
! n c e f ” i a c i a n a l
CORE LABORATORIES
1 J a . :  r i A 3 i  'J ! H  :  :  R 
3 1 /0 7 /9 3
E 3 3 i r
j c a  < umber.- 930007 CUSTOMER: U n iv e r s i ty  a r  VavmM, . a s  v eg as ATTN: ■lay E aoaoacn i
O et 3ao A n a ly s is 3 A "  ahal fCEO: 3 1 /0 6 /9 3 VMS ANALfZEO: 33; :1 ME7HC0: 3«C Cao A n a ly s is  5C fl» < 8S !:936373
I  :  i  :  i  : R 3 J. T A R 3 A R 3 s
TEST ; AWALtSIS ANALTSIS OlLUriCM ;ARALfZED true : PERCENT DETECT[CMIUMITS OF
o e e c u pt ic m ; s u a - ty p e ; I .  3 . : FACTOR ,VALUE •value RECOVERT LIMITS MEASURE
A rom actcs, r a t a l . R e re ra n c e A if lO lf i-9 ) : 3 7 . I499 57.1600 i 100 3 .3 0 0 1  U v  5
3 e n ie n e 'R e fe re n c e A»301(L-73 3 .0473 3.O430 j 101 3 .3 0 0 1 l l v  X
O le f in s ,  'o c a l R e f e r e n c e A »301C i-'3 i p . r o a a 9 .7700 j 99 3 .3 0 0 1 1 w  ;
P a r a f f i n s ,  "o c a l ■ R ererenee A 430UA-71 ! 62 .5225 O2.-20O , -00 3 .30011  tv  S
Isooencaoa ■ R eference R er in e ry -O j : .3 1 9 3 . <850 ' ’ 2 3 .3001  I l v  5
H ernan* , R e fe ren c e jR e n n e ry -G j 15 .-<596 •4 .7530 ! 105 3 .3001  1IV X j
B utane 1R efe ren c e R e f in e ry -0 ! r . r s a o 7.3551 i 98 3 .3001  11v 5
Pencanes R efe ren c e R e f in e ry -0 ; I .a 5 5 3 ! , ?aso i 33 3 .3 0 0 1  I Iv  X
3700 c iie rrY  Avenue 
Long 3 e ac n , 3A 50807 




W d a c a m  A c l a a  
I r r e e m a c i a n a l
CORE LASCRATGR1ES
3 J  A l * < I  j  )  j  U  4 :  : ? 3 3 :  = A
3 1 /0 7 /9 3
A nalyses D erfonned in  a cco rd an ce  a tcrt ASTW 'e s c in g  3roce<Jure*.
1
S a n i e s  -e c a in e d  fo r  r u i r t y  cays  a f t e r  “« 5 o r t  iu c m is s io n , A f te r  t h i r t y  l a y s ,  sam otes  a re  d i s o o s e d  i rt a c c o r d a n c e  * ir r t  'o r e  J 
L j o o r s e a n e s ' 3 i s c c w i  ? o u c y .  5am oles a i l l  oe r e ta in e d  lo n g e r  a ic n  o r t o r  a rra n g e m e n t. S to r a g e  -e e a  Ttay s o o ty .
*he jc c e o ta n c e  c r i t e r i a  ‘o r  c u u i c a c e  a n a ly se s  a re  M e jo o l i c a o l e  4S7H ?eoeeC3Di I r ry  S ta te m e n ts*
The *Time A nalyzed" »n th e  ZA ? e o o r t  r e f e r s  ta  :n e  s t a r t  tim e i f  tn e  a n a l y t i c a l  o a te n .  Tiay i o t  r e f l e c t  t n e  a c t u a l  









1700 * h e r ry  Avenue 
.e n g  J e a c n ,  ZA 7 0 8 0 7  




I r r c e m a r i a r i a l   _____________ ___________________________________________________________________________________
CCR5 LA 3C R A T0R rZS 
A >r A A '£ r  I  C A. A R Z ? 3  R  T
Ccb M unber: 930023
P r a c a r a d  For:
" n a v a r s i o y  o f  M avada, l a s  V egas  
j 'a / S a b a c a a b i  
P e o a r tn e n c  o f  3 a o s c ia n c a  
l a s  7 e g a s ,  NV 39154
Oaaa: 3 1/' 1 3 / 93
, ______________________________  1 -? 3 -  >4
5 ig n a a u r a  Oaca:
Mans: .7in  A daal
T i b i a :  la b o r a c o r y  S u o e r / i s c r
C ora A a b a r a b o r ie s  -  l o n g  3 ea cr  
3 7 00 C h erry  A venue  
lo n g  3 e a c ii ,  CA 9 0 8 0 7
87
W 4
W u a M r n  A c l a a  
I n c a m a t i o n a l
CORE LABORATORIES
L A 3 3 R A T 3 1 y r ;  3 * 3 
31/T 3/93
3 :  3 j  i. ;  i
-OS numbES: 930023 OJS7CHE3: U n iv e r s i ty  a r N eveca, - a s  7e^a& A’ TR: Aav ia o a o a c f ti
CUIH^r ; . 3 .................... :
GATE JAHPLE0............... ;
TI.Hg 3AHPL20 ............... ;
D ie se l  Fuel 
D I/0 1 /9 3
30:00
D ie s e l  Fuel
LAB0RA"CRT I . 3 . . . S  530023-0001 
d a te  3 e c e :v e o . . . . :  01 / 07/93
3 o c : l e
TIME 1E C S 1V E 0 ....; 3 0 :0 0
UCRt D giO ltP nC N . REMARKS...................... : ! I t .  Aniper
TEST :£S C 2I?t ;CM FINAL RESULT L ;.M i:s/"lD u u n c N iu M irs  : f MEASURE ; TEST METHOD ;OAT£
i
7SCHN|
O e c a iid d  3 - jo iU d ry  A n a ly s ts *•» ,0 e c  O ja  -a n a ly s is ,0 1 /1 1 /2 6i
1
:ss j
33 P 3 r f f n s 4 ~ocai -,?2 3 1 : . : o o i O ec. Tj d . A n a ly s is 1 i1
| O ldM llS, 'OC31 j . : a o i IV i0 e t .  2ao . A n a ly s is 1
| ^ acn c n e n e s , 'o t a i * .:3 3 6 J.20Q1 V I 1 jO ec. 2ao . A n a ly s is ; i
A rom acies, ‘o c a i 9 .3033 , j . : oqi 17 • D ec. 0 a o . A n a ly s is
i j m c e n c t n e a 34 .3516 i . : oqi VI S e c . Oao. A n a ly s ts
i ij
C n v ic v ,  API 3 aG De<j
1 s 3 4 . J . - ’ a 3 e q . API ASTH 0 -2 3 7 .0 1 /1 3 /9 3 J C*A ;
R eid  E q u iv a le n t /a o o r P r e s s u r e <0.35 ; i . 2 s psi ASTH 3-5191 ; a i / n / 9 3 aCW i
j
v i s c a s i c v  a *Q0 Deg : 2 .9 0 I j . j i c S : ASTH 3-AA.5 ; a i / i i / 9 3 3r74 |
3700 2 t e r r y  Avenue 





W e a c o m  A e ia s  
I r r e e m a r c io n a l
CCRE LAaORATQRIE;
P r o j e c t  Mo. : 9 3 0 0 2 3 - 1  Sara: 0 1 -1 1 -9 3
COMPANY : U n iv e r s le y  o f  M evada,Las Vegas
SAMPLE ID : D ie s e l  F u el
DATS RECEIVED: 0 1 -0 7 -9  3
SAMPLE DATE : 0 1 -0 1 -9 3
CAPILLARY ANALYSIS
Canponenc Mane
Iscb u c a n e
r .-3u can e
Iso p e n c a n e
rt-?encane
C y clop en can e
2, 3 -D 'inecM ylPucane
2 -Meciiy lo e n c a n e
3 -M ech y lp en can e  
n—Sexane
2, 2 -DiJteCM ylpencane
2 , 2 ,  3 -T r ia e c fiy I ju .,c a n e /2 , 4 - 0 ia e d iy lo e n c a n e  
B enzene
3 , 3 --D ia e c iiy I? en ca n e /C y c Ia h e x a n e
2 -MecMy liie x a n e
3 —Meciiy Lliexane
l - c r a n s -3 - Q in e c i iy lc y c I o p e n c a n e  
!■- cran s -  2 -  □ inecM y L eyclo  oen can e
3-ECMy ip e n c a n e
2 . 2 . 4 -T r in ecM yIp en can e
n -r leocan e  ,
2_«c . 2 -.o im e'C iiy lcycIop em ian e/'M etiiy lcyclon exan e  
SUMv1e y e Io o e n c a n e  
2 , 2 j 3 -T r ia e e n y I p e n c a n e
2 , 5 -D ia e c ix y liie x a n e
2 .4 -D ia ec iiy IM ex a n e
c -4 -T -M —c y c lo p e n c a n e /  3 , 3 -O m eC iiyIaexan e  
1- c r a n s - 2 - o  i s - 3 -T r ia e c M y Ic y c lo p e n c a n e
2 . 3 . 4 -T r in ecM y lp en ca n e  
T olu en e
1 , 1 , 2 -T r ia e c M y Ic y c lo p e n c a n e  
2 ’ 3 -D iaeciiy IM exan e  
2 -  Meciiy Ih e o  c a n e
4 -M ec iiy liieb ca n e /3  , A -O in ec iiy ih exan e
l - c i s - 3 - D  ia e c i iy  I cy  c  I  o n exan e
i -  c r a n s -  4 -  D ia e c i iy  l e v e l  onexane  
i ,  1 - O in e c iiy lc y c lo n e x a n e_ 2 -5 C iiy lc y c I a p e n c a n e /l-M -I -5 -c y c I o p e n c a n e
" - c r a n s - 2 -D ia e c M v ic y c lo n e x a n e  
"- c i s - 2 - c i s - 3 -T r in e c n y I c y c lo p e n c a n e
VC . % IV . % M ol
0 . 0051 0 . 0082 3 .
0 . 0215 0 . 0 3 4 1 3 .
0 . 0 3 1 9 0 . 0 4 s i 3 .
O.Oloo 0 . 0 2 4 2 3 .
0 . 0 0 4 1 0 . 0050 3 .
0 . 0039 0 . 0054 0 .
0 . 0171 0 . 0240 3 .
0 . 0 1 2 2 0 . 0 1 5 3 3 .
0 . 0 1 9 7 0 . 027 2 3 .
0 . 0 2 3 2 0 . 0333 3 .
0 . 0 0 3 3 0 . 0 0 5 1 3 .
0 . 00 7 1 0 . 0 0 7 4 0 .
0 . 0 2 4 5 0 . 0 3 0 6 0 .
0 . 0 3 3 3 0 . 0456 3 .
0 . 0 2 5 2 0 . 0349 0 .
0 . 0 2 0 1 0 . 0246 3. '
0 . 0 1 9 3 0 . 0 2 4 1 3 .
0 . 0 3 7 9 0 . 0 5 1 5 0 .
0 . 0 0 5 5 0 . 0072 0 .
0 . 0 6 0 0 0 . 0802 0 .
0 . 1 2 3 7 0 . 1 4 6 9 ■3 .
0 . 0 1 3 3 0 . 0 1 5 9 3. -
0 . 0 1 9 0 0 . 0 2 4 3 3 .
0 . 0 0 4 3 0.  0063 3 . •
0 . 0 0 6 2 0 . 0031 3 . ■
0 . 0 2 5 1 0 . 0 3 1 6 3 . ■
9 . 0 3  65 0 . 0444 3 . :
0 . 0 0 4 1 0 . 0 0 5 2 3 . i
0 . 0 6 6 6 0 . 0703 3 .
a . 0032 0 . 3097 3 .;
0 . 0 1 0 5 0 . 3135 3 . i
0 . 0 5 9 9 0 . 3 7 3 5 3 . i
0 . 0 1 2 9 0 . 0 1 7 9 3 . .
0 . 0 2 4 5 3 . 3 2 3 6 3 .;
0 . 0 8 0 2 0 . 0 9 6 2 3 . .
0 . 0 2 2 7 3 . 3 2 6 6 3 . ■
0 . 0 2 5 3 0 . 3 2 9 9 3 . .
0 . 0 4 3 5 0 . 0 5 1 4 3 . .
9 . 0 0 1 4 0 . 0 0 1 6 o .;





























































































































































W e a t a m  A c t a a  
I n t e r n a t i o n a l
CCRE LASGRATCPIES
P r c j a c c  Mo. 9 3 0 0 2 3 - 1 D a c a :  0 1 - 1 1 - 9 3 Page;
1 - c  - 3  - o —M -c y c lo tiex a n e / l - c - 4 - D —M—c /c io i i e x a n e  
n -C ccan e
J n id e n c i f ia d  C3 compounds 
la o o r c o v lc v c la o e n c a n e  
l - S C i i y i - c i s - 2 -M ech y ieycL ap en can e  
2 . 2 -Di.m ecbyLnapcane
1 - c is - l - O im e c i iy lc y c io t ie x a n e
2 , 4 -o la e n h .y ln e p c a n e / 4 , 4 -O m ecn.y Lbepcane  
n -P r o o v lc v c I o o e n c a n a
1 ,L ,3 -T r L a ec d y L c y c io h e x a n e  
2 ’ 6 -D im ec iiy iiiep ca n e  
I s o a u c y lc y c ia c e n c a n e
2 , 5 -D im ecb y lb ep ca r .e / 3 , 3-D im ech y ld ep ca n e  
EcbvLbenzane  
a -X y le n e  -  ? -:cy ia n e  
4 -M ecdyL occane
2 -Meciiy lo e c a n e  
a -X v le n e
c r a n s - l , 2 -Q ia c h y L e v e la c a n c a n e  
n-M'or.ane
I s o o r c o v lb e n z e n e  
2 , 2", 3 , it-T acram eciiy lh exan e
2, 5 -O im ecd y la cca n e  
n -?rooyL b en zen e
L -M ecd .y i-3 -E tb y lb en zen e  (METOL) 
i-M eciiy l-4-E lih ,y lbenzen e(?E T O L )
1 , 3 , 5 -T rim eciiy  lb e n z e n e  
l -M e c h y l- 2 -E C h y lb e n z e n e (DET9L)
4 -Meciiy Lnonane
c a r c -3 u tr y lb e n z e n e /L , 2 , 4 -T n m e c iiy  lb e n z e n e
l -M e c i iy l- 2 - t s a n r o p y  lb e n z e n e /  s e c - 3 u c y  lb e n z e n e
n -O ecane
Isob u cyL b en zen e
1 , 2 , 3—Trim e city L benzene
l-M e c b y l-3 -I s o p r o p y lb e n z e n e
l -M e c b y l- 4 - I s o p r o p y lb e n z e n e
"ndane (2 , 3 -0 ii iv d r o in d e n e )  /D ic y c lo p e n c a d ie n e  
1, 3 -O ie c iiy  lb e n z e n e /l-M e c h .y l-3 -n -? r o p y lb e n z e n e  
n -3 u r y lb e n z e n e  _ _  , ,
1 4 -O ieciry  lb e n z e n e /1 , 3-O im e c b y I-c —it ir y -c e n z e n e  
l -M e c d Y l-4 -n -P r o p y L b en zen e /1 , 2—O iec iiyL b en zen e  
£—Meciiy l - 2 -n -? r a p y ib e n z e n e  
I ,  4 -0 im e c b .y l-2 -S b fiy lb e n z e n e
1 .3 -o im e c iiy L -4 -E t iiy lb e n z e n e  
' , 2 -O im eciiy1 -4 —S b iiy lb en zen e
1 .3 -O in e c iiy i-2 -E d iiy lb e n z e n e  
1 , i-Q im eciiy i-O -E 'tiiiy lb en zen e  
n—’Jndecane
0 . 0 4 1 1 0 . 0 4  3 1 0  . 0 6 2 9
0 . 0 9 4 7 0 . 1 2 3 4 0 . 1 4 4 5
0 . 0 4 0 4 0 . 0 4 7 7 0 . 0 6 2 3
0 . 0 4 3 3 0 . 0 5 7 6 0 . 0 7 5 9
0 . 0 1 1 3 0 . 0 1 3 2 0  . 0 1 7 5
0 . 0 1 5 7 0 . 0 2 0 3 0 . 0 2 1 4
0 . 0 0 3 3 0 . 0 0 9 6 0 . 0 1 2 9
0 . 0 2 0 9 0 . 0 2 6 5 0 . 0 2 3 4
0 . 0 5 7 5 0 . 0 6 7 3 0 . 0 8 9 2
0 . 0 6 5 3 0 . 0 7 6 7 0 . 0 9 0  1
0 . 0 0 7 3 0 . 0 0 9 4 0 . 0 0 9 9
0 . 1 3 4 0 0 . 1 3 0 6 0 . 2 1 2 7
0 . 0 3 5 1 0 . 0 4  4 5 0 , 0 4 7 7
0 . 0 7 7 3 0 . 0 8 2 1 0 . 1 2 7 7
0 . 2 0 6 3 0 . 2 1 3 7 0 . 3 3 3 7
0 . 0 4 2 7 0 . 0 5 4 3 0 . 0 5 3  1
0 . 1 3 1 1 0 . 1 5 3 3 0 . 1 7 3 2
0 . 0 6 3 4 g . 0 6 5 9 0 . 1 0 4 0
0 . 1 4 4 3 0 . 1 5 9 3 a . 2 o o o
0 . 2 1 9 0 0 . 2 7 9 4 0  . 2 9 7 5
0 . 1 2  0 3 0 . 1 2  3 4 0 . 1 7 5 2
0 . 2 0 8 3 0 . 2 5 0 2 0 . 2 5 5 3
0 . 3 3 9 8 0 . 4 2 7  5 0 . 4 1 5 3
0 . 1 9 8 2 0 . 2 1 0 6 0 . 2 3 7 4
0 . 1 0 4 5 0 . 1 1 0 8 0 . 1 5 1 7
Q . 1 1 3 4 0 . 1 2 6 0 0 . 1 7 1 7
0 . 3 1 7 7 0 . 3 3 6 4 0 . 4 6 0 7
0 . 0 8 4 4 0 . 0 8 7 3 0 . 1 2 2 4
0 . 3 3 9 0 0 . 4 2 3 9 0 . 4 1 5 3
0 . 2 5 7 4 0 . 2 7 0 3 0 . 3 5 2 7
0 . 2 9 8 2 0 . 3 1 4 3 0 . 3 3 7 2
0 . 5 4 1 7 0 . 6 7 9 4 0 . 5 6 3  6
0 . 1 3 2 3 0 . 1 9 5 7 0 . 2 3 6 7
0 . 2 3 1 6 0 . 2 3 7 3 0 . 3 3 5 9
0 . 1 4 4 4 0 . 1 5 3 7 0 . 1 3 7 5
0 . 0 6 3 6 0 . 0 7 3 3 0 . 0 8 9 0
0 . 3 2 0 2 0 . 3 0 4 4 0  . 4 7 2 3
0 . 1 0 8 3 0 . 1 1 5 0 0 . 1 4 0 6
0 . 0 5 6 0 0 . 0 5 9 7 0  . 0 7 2 3
0 . 1 4 3 3 a . 1 5 9 2 0 . 1 9 2 5
0 . 1 0 9 9 0 . 1 1 5 3 0 . 1 4 2 7
1 . 3 1 4 5 1 . 3 7 3 9 1 . 7 0 7 0
0 . 1 4 9 6 0 . 1 5 6 3 0 . 1 9 4 3
0 . 3 2 1 1 0 . 3 3 5 7 0 . 4 1 7 0
0 . 3 9 9 4 0 .  1 0 4 1 0 . 1 2 9  1
0 . 1 5 6 3 0 . 1 6 1 4 0 . 2 0 3  7
1 . 0 5 9 5 1 .  0 8 8 4 1 . 3 7 6 0
1 . 4 7 1 9 1 . 3 1 9 0 1 . 6 4 1 3
90
CCRE LABORATORIES
W e s c a m  A d a s
In te r n a t io n a l ____________________________________________________________________________
P ro jec t:  Mo. : 9 3 0 0 2 : - !  O acs: 0 1 -1 1 -9 3  P a g e !
U n id e n t i f i e d  C - l l  Compounds 7 . 2 3 0 9 3 . 3  73 6 3 . 2302
1 , 2 , 4 , 5 - 7 a c r a m e c h y l b e n z e n e ; Durene; 0 . 2 5 3 3 0 . 2 7 2 4 0 . 3 4 2 6
1 , 2 , 3 , S - T e c r a m e c h y l b e n s e n e  ( I so d u r a n e ) 0 . 2 9 7 3 0 . 3 0 6 0 0 . 3 3 6 0
N a p h th a len e 0 . 3 3 3 0 0 . 2 6 1 9 0 . 4 5 5 6
n -O o d eca n e( C - 1 2 ) 3 . 3 0 7 2 0 . 3 7 4 1 0 . 3 1 4 3
C-12 th r u  2 -1 3 1 2 . 3 1 2 6 1 4 . 5 3 6 7 12 . 9 0 4 7
n - T r id e c a n e ( C -1 3 ) 3 .5  917 0 . 5 3 7 0 0 . 5540
2 -1 3  th r u  2 -1 4 15 . 4330 14 . 2 5 2 9 14 . 9 7 0 2
n -14 1 . 5 3 5 2 1 . 5 0 5 3 1.  4 37 1
C—14 p lu s 5 0 . 0 9 2 2 45 . 1299 44 . 9 2 3 4
9 9 . 9 9 9 5 9 9 . 9 9 9 2 99 . 9993
4 . 923 1 
0 . 0000 
1 . 1 3  3 6 
9 . 3 0 2 2  





S p e c i f i c  3 - a v ic y  c f  T a c a l 3a n p ls =
S p e c i f i c  S r a v i s y  a t  H exanes ? lu s =
M o le c u la r  W eighs a f  T c c a i 5am ple=
M o le c u la r  W eignc o f  H exanes ? !u s=
0 . 9 2 0 9  
0 . 9 2 1 2
17 4 . 30 6 4  
1 7 4 . 51 2 5
91
W 4
W eseem  Acias 
In te r n a tio n a l
CORE LABCRATORIES
3 -J a _ : : f a s j j r a *
31 /18 /93
:  = 1 : ^ 3 1  r
j c a  AIMER: ?30023 3JSTO E 3: jn iv e r s i c y  a r  L av aca , Las Vegas ATTHr ja y D aoaoacn i
Dec 3ao A n a ly sis 3aT5 ANAL- 'ZZO: 3 1 /1 1 /2 6  : : n£ ARAITCSD: ’2 :26  HETHCQ: Dec Caa A n a ly s is DC DUMBER:936957 I
I
i-  .  A ^ < 3 j
THiT 3E3CS[?T;CH AMAur iU8" ■v PE!AHALrSIS : .3 .  oiiuriCM AC7CRUNALTZE0 VALUE DETECT!CM .!MI T'U H tTS I F  HEASUPSj
A rcm at'.cs , T o ta l R eagent Hei : lCJ <0.2001 2 .2 0 0 1 n v  :  !
3enzsne Reaqent Hei iuo ! <0.2001 3 .2 0 0 1 Iv  X 1
O le r in s ,  ~ o ta i Reagent ■Hei:um <0.2001 3 .2 0 0 1 i v  :
P i r a r v n s ,  ’o t a l R eagent Hei 'a s <0.2001 3 .3 0 0 1 Iv  X
( sooencane Reagent H e liu a <0.2001 3 .3 0 0 1 Iv  %
n e t,ia n e Reagent . HeULIB <0.2001 3 .3 0 0 1 iv  ;
3 u :a n e R eagent Hei :un <0.2001 3 .2 0 0 1 1 Iv  5
P eo ta n e s Reagent ‘ Hei tun <0.2001 3 .2 0 0 1 Iv  £
3700 C h erry  A venue 




T f f l k
W e g e a m  A d a s  
I n c a m a t i o n a l
CCRE LA3CRATCRIES
J j  a „ . r ? A 5 5 j  r a * ;  = t  a ?  o ? 
oi/ia/<J3
,S 3  <UMBEa: 53C022 CUSTOMER: J n i v e r s i t v  a f  J e v a c a , , a s  V eqas ATTN: -a y  S ao a aa c n i
■ "
G et :a o  A n a ly s is 3ATE A «A U :23: 3 1 /1 1 /2 6  TIMS ANALrCSQ: : Z : Z 6  hGTHCO: 3 e t  2j d  A n a ly s is  3C HUM8E.R :9 3 6 9 S ?
i  * ;  :  1 : * :  = » : a >i d a r 3 ;
tsst AWALrCIS ANALYSIS QiLUTtCM AHALTZE3 . true PERCENT 0E7EC7:<3MIUHI7S 3F ;
o £5 c.v . ? t : ch SU5-*?P= I .  3 . ■ FACTOR (VALUE ’MLUE RECSVERT L i.H irs  .MEASURE ' !
A renac :c s . T o tal R efe ren ce A=30U*""1 : 27. :A99 . 27 .1600 : roa 0 . J0011 W  X t
3 en :en e R ere ren ce A3301CA-O : i . ^ r o  . 3 .> ;o o :o i 3 .0001  IW  X !
0 te r ? n s ,  'a c a i ■ R efe ren c e ,A330UA-"1 ; P .7368 P.7700 P9 3.:q o i iu  x !
P a n r t i n a .  'o e a l ' R efe ren c e A33QKA-T1 1 32.5225 3 2 .-2 0 0 •oo i . : a o i i i v  x !
: sooen rane ■ R efe ren c e Rerinerv**j t '.3 1 9 3  t .7850 P2 3 .J 0 0 1 K V  X
.Hec.iane R efe ren ce .R e r in e rv —j t ‘S . .0 9 6  : 4 . r s a o . :05 3 .0001  U v  X
S u ra re R efe ren ce R er?nerv-*j : r . : 3 a o  1 r .?5 a 38 3 .5 0 0 1 i ; v  X i






1700  C h e r ry  A venue 
Long S e acn , 2A 5080? 




W e a e a m  A a a s  
I n e e m a c i a n a l
CORE LAECRATOR1ES
,0S ilJNBER: 930022 CUSTOMER: J r u v e r s i c y  a r  N avaca. Las v e q as ATTM: .a y  T aQ aoarht
lErEREHCS STANDARDS 1ATRIX 3P1XES
lANALTSIS !ANALYSE S 
! SUB- TYPE | t . o .
DUPLICATE RP9 3 r
3ATS/TIHE AMALr2E0:'31/11/93 11:23
NETHCO TEESRENCE :AST* 3 -5 1 9 t
PARAMETER:Reid E o u lv a len e  T ig e r  P r e s s u r e  
REPORTING LIHIT/OF: 3 .2 5  UHITS:3SI
3C. 3ATCH NUMBER: 9536396 




Ca TE/TIhE ANALTC£0:01 /1 3 /9 3  1T:26
nETNCO TEPERE.NCS :ASTN 3 -232
PARANETcR:Sravi cy, Apr J  >Q 3eg -  
REPORTING L .W T /O f: -2 d  M lT S : 0 e g .  API
3C 3ATCtf NUMB£R:936915| 
rECNMlCTAN:PC«l
DUPLICATE .A n a ly t ic a l  9Z27SZ-I
3ATE/TIME AKALTZ£3:01/11/9:3 '2 :3 0
HETHOO 3EPERENC2 :AS7H 3— . 3
3C 3ATCH NUMBER:93691 3 1 
7ECMH TCI AMs PC-1
PARAMETER: v i s c o j i  cy 1 100 3eg - 
REPORT'HG LIMIT/OF: 3.31 'JNlTSisSC
2 .7 7DUPLICATE :A n a iy t ic a l  922761-1
5TOO C h e r ry  Avenue 
.cm j 3 e a c n . 1A 90307 
'3 * 3 )  595-3401
94
W#4
W a a w m  A c i a a  
I n t e m a t i a n a l
CORE LABORATORIES
a j  a l  : r ? a 3 s j  < n  ■: ■ 
0 1 /1 5 /9 3
R E P O R T
JOB *UH8EX: ?30023 0JJS7CN63: Uni v e rs  icy  j r  ^evaco . Las Vegas ATTN: Lay Jab a o a rn  i
Dec Z io  A n a ly s is OATS AMALTtED: 31 /1 1 /2 5  TIME AHAL7ZED: 12:25 4ETHQ0: OeC Zao A n a ly s is 3C SUHBE2:936957
1
3 I  n  c  :
rs sT  : e ; c n p r : c H ANAL? SUES-TYP£:AHAL1SIS 1 . J . 'OIUJTICN ACTCRMMAtrZSO /ALUS 06TSCT:CH ,IM [ T'UHITS Of *£ASUZSi
A ro n a c te s , 'o c a l Reagenc H e liu a  { ! <0.3001 3 .0001 , tv  X * ’
3ensen« Reaqertt ' Hei, i lib j ! i <0.0001 : 3 .2001 Iv  X
O U r in s .  " aca i Reaqertt Hei i t s  ! i <0.0001 3 ,0001 Iv  X
P a r a f f in s ,  Tacal R eagent H s i iu a  1 1 <0.0001 ' 3 .0001 ’ Iv  X
f sao en can e R eagen t Metj i n  < ! ; <0.0001 | 3 .0001 Iv  X
M ecnana Reaqene H eu u o  1 ' ; <0.0001 1 3 .0001 • tv  X  !
3u*ane Reaqene H e iiu a  ' ’ | <0.0001 3 .0001 Iv  X
P encanes R eagent U e is u n  j ! ; <0.0001 « 3 .0001 ; Iv  X
3700 C h erry  Avenue 





W e s e a m  A d a s  
I n c e m a c i o n a l
CORE LABORATCRIES
A 5 > J  X \  A D1/*5/93
-C3 UWBEar 73Q0Z3 CUSTOMER: j n i v e r j i t v  i t  -Jevaca, . s s  /e g a s ATTHr J a y  3 a o a o a c h i
Qec : jo  A nalysis DAfc UlALfZSO: 31 /11 /26  'THE AMALTZS3: 42 :2 6  *E7HC0: Dec C<3D A n a ly s is  3C *UH8ER:936957
I Z l t l * A i  3 A ? 3 5
test
o e id iP T ro H
AMALTS1S
s u a - r p e
am altsis  o a u r r c H







' d e t e c t : cm iu n it s  : f
LIMITS MEASURE
A rcm *c:c3. 'o c a l R e r e r - r c e 4*301(4 -,’ 1 I ; 2 7 . '.4  99 2 7 .1600 . -oo i 1 .1001  I Iv  •;
S ernene R ere ren c e A i l  aU A -T ) 1 : - o i r o ' 9 .3 4 0 0 ; io i I j . j c o m v  4
Q le r in s ,  " o ta l R e re r -n c e •A *301(A -ri ! 9 .7 0 6 8 9.7T 00 1 99 1 .0 0 0 1 1 Iv  S
P 3 r a r f ; n s .  Total R o re r-n e e 4*301(4-71 1 1 3 2 .5225 • 3 2 .-2 0 0 1 100 1 .JG Q 1 IIv  X
Iso o e n ra n e R ere ren ee S e r i  rw rv—;  : 1 .3193 1.7850 ! ?Z 0 .000111V  5
Hec.tane R e re re re e R e n 'n e rv - .;  . 1 i 1S .-o 9 6 1 14.7500 ‘ :a s 1 j . j o q i U v ;
Sucane R ere ren ee S e r in e r v - :  ' ‘ 7 .7380 7.950 , 78 : o . j o a i i i v  ;
Pencanee R efe ren ce R e r in e ry -1  1 I . 3553 1 .9850 ; 32 I i . J O Q i i i v  c
3700 C h e r ry  Avenue 
.a n g  3 e a c n r DA 70807 




W e j t a m  A e t a a
I r r c e m a c i o n a l   _______  .. .__________________________________________________________________
A nalyses  o e rfo m eC  n  a cc o rd a n c e  .n th  ASTH " e s t  i nq ^ o c e c u r e s .
S a ro ie s  -eC 3tned  4o r  : m r t v  cavs a r t s r  - e o o r t  a u o m iss io n . A f te r  r n i r t v  cav s , ia m o ie s  i r e  a is o o s e a  in  a c c o rc a n c e  j i t h  - o r 9  
. a o o r a c c n e s '  3 is o o s a l  3o l i c v .  Satnotes J i l l  ae  r e ta in e d  'o n q e r  a tc n  a n o r  a rran q em e n c . SCaraqe -e e s  flay j o o iy .
The acseocartee  c r i t e r i a  *cr t u o i i c a c e  a n a ly s e s  a r e  :h e  j o o i i c a o l e  aSTH ? c o e a c a o iI icy  S ta te m e n ts .
'h e  ,,Tim* A nalyzed" n :n e  -A < e o o r t * e r - r s  to  :n e  > c a rt tim e  a f :n e  a n a l y t i c a l  oaccft. I t  flay ic e  r e f l e c t  :n e  a c t u a l  
i n a iv s ; s  tim e , ‘h e  ‘O ace in a iy c ea * ’ * e r l e c : s  :n e  a c tu a l  a n a l y s i s  c a c e .
9AGc :<*
*7Q0 C herrv  Avenue 
.o n q  3 eacn r ZA 50EG7 3i0> 595*^ 01
97
W fk  CCRE LA3CRATCRIES
W s s t a m  A c J a a
I n c a m a a o n a l  ______________________________________________________________________________________________________
CORE LABORATORIES 
A >T A A '£ T I  C A. L. R E P O R T
Job N uaherr 930044  
P rep a red  For:
u n i v e r s i r y  o f  N evada, l a s  T egas  
J a y  S ab ap arh i 
D ep a rm en c  a f  G e o sc ie n c e  
l a s  T e g a s , .W 39154
Oara: 0 1 /1 3 /9 3
1 . 7vllV' llcX^ -V
5 ig n a c u r e  
Marne: J i a  A d ia i
1 -  1 i  - =  1 
Oara:
Care L a b o r a t o r ie s  -  lo n g  3 e a c h  
3700 C h erry  A venue  
Long 3 e a c ii , CA 9 0 3 0 7
T i t l e :  la b o r a to r y  S u p e r v is o r
98
W 4
W e j c a m  A d a s  
I r t e s m a c i a n a l
CORE LASQRA7GRIES
L A 3 3 1 A T ) i  i  r j  ;  r 
0 1 /1 8 /9 3
R E S n :  j
JOB: NUHBE3: J30Q6A CUSTOMS.?: J n iv e r e ic y  a r N evada, L as Vegas. ATTN; ;av* S a o a ea tn i
CLIENT : . 3 ................... : D ie se l lu e l
OATE SAMPLES).............. : /  /
'-ABCJWTCRf 33004^-0001
: a r e  i s c e j v e o ____.• o v m / 93
TIME SAMPLED.............. : : ?S C S IV E D .,..; t5 :2 6
U C «  DESCRIPTION...: D te ae l :u e l REMARKS,.................... : i 11 " a r  a tao er a o t r l *
1
TEST DESCRIPTION rINAL 1ESUL1 iLINITS/niLLITtCHIUHITS OF MEASURE . TEST AE7HCQ OATS TECHN j
O e ia i l e d  C a o i l la r y  A n a ly s is I '1 j Q e t Z&a A n a iy s ia 0 1 /1 2 /9 3 : s s  ;
P a r a f f in s ,  'o c a l  
D te r in s .  'a e a l  
N acncnenes. "ocal 
A ra n a c ie s . 'o c a t  









' J .JO O t 
| 3.0001
' LV X 
■ U  X 
!tv  X 
U  X 
1LV X
0«C . 7j o . A n a ly s ts  
:0 e c .  : a o .  A n a ly s is  
:0 e c .  " j o .  A n a ly s is  
O ec. Cj o . A n a ly s is  





C rav i cy, API 3 aC 0eg  • 33. 3 1 - ’0 Oeg. API 'ASTM 3 -3 3 7 0 1 /1 3 /9 3 3CJ '
R eid  E cu iv a len e  la a a r  P r e s s u r e <0.15 I 3 .25 QS\ AST* 0-5191 0 1 /1 5 /9 3 3CJ 1
v i s c o s i c v  1 ‘.00 Dog - 2.31 i 3 .01
I
t





1700 C ie r r v  Avenua 
Long 3 e ac n , CA 30807 
: 3101 595-8601
99
W e s t e r n  A d a s  
I n c e m a t i o n a l
CORE LABORATORIES
P r o j e c t  No. : 9 3 0 0 4 4 -1 Daca: 0 1 -1 2 -9 3 P a g e :
COMPANY ; U n iv e r s ic y  o f  N e v a d a ,la s  V egas
SAMPLE ID = D i e s e l  F u el 
□ATS RECEIVED*. 0 1 -1 1 -9 3
CAPILLARY ANALYSIS
3cn ccr.e r.o  Ifaae
Propane
Isa b u ca n e
n -3 u ca n e
Iso p en ca n e
n -? en ca n e
C v clo o en ca n e
2 * O -o in e c h y lh u c a r .e
2-M ech y ip en can e
3-M ech yIp en can e  
n-H exane
2 , 2 -D ia e c ity Ip e n c a n e  
B enzene
3 , 3 -o x n e c iiv Ip encane/C yclon .e .'cane
2 -M ech y ih exan e  
3 -M eciiy ih e x a n e
l - c r a n s - 3 - 0  ia e c h y  I e y e  lop er .can e  
l - c r a n s - 2 -D ia e c h y ic y c I a p e n c a n e
3 -SCiiy L cencane
2 . 2 ,  4 -T r in e c h y ip e n c a n e
u-H eocane , , .l - c - k - a ia e c h y lc y c Ia p e n c a n e /M e c h y lc y c io n e x a n e
SCiiy I c y  c  I  o p en ca n e
2 . 2 ,  3—'T riaech y lp en C an a  
2 5 —O im ech y ih exan e
2.4-Qiaeehylhexane ^ w
’ _ r -_ 2 -c -4 -T -M -c * /c Ia n e n c a n e /3  , 3 - □  m e c h y  Ih e x a n e
1 - c r a n s - 2 - c i s - 3 - Tria e c h y Ie y c lo p e n c a n e
2 . 3 . 4 -T r m e c h y  ip e n c a n e  
T olu en e
1 1 , 2-TriaeCiiyleyclopencane 
2, 3-0imechyihexane
4 -M e c h y lh e p c a n e /2 , 4 -O m e c h y ih e x a n e
3 -M ech yIh en can e-c i s  -  3 -  D imechv i  cyci anexane
i-irans-4-0 im echylcyci3hexane
~ ’ -o im e c h v ic v c ia h e x a n e
i l j l - c - 2 -E th y  1 c y c lo p e n c a n e /  1 -M- l - S - e y c io p e n c a n e  
L -c r a n s- 2 - 0  i a e c h v 1c y c i  onexane  
~ - c  i s —2 —e l s  -  3 — T r m e ch y  L e y e  I op en can e
NC. % LV. % M ole H
0 . 0 0 2 1 0 . 0 0 3 3 0 . 008 2
0 . 0077 0 . 0 1 2 5 0 . 0 2 2 9
0 . 0 2 3 3 3 . 0 4 5 1 0 . 0354
0 . 0 3 9 3 0 . 0 5 6 0 0 . 0940
0 . 0 2 1 2 0 . 0 3 0 3 0 . 0 5 0 3
0 . 0 0 4 9 0 . 0 0 6 0 0 . 0 1 2 1
0 . 0 0 4 7 0 . 0065 0 . 0 0 9 4
0 . 0 2 0 2 0 . 0232 0 . 04 0 6
0 . 0 1 5 1 0 . 0 2 0 7 0 . 0 3 0 3
0 . 0 2 4 3 0 . 0 3 4 3 0 . 0493
0 . 0 3 3 2 0 . 0 5 1 5 0 . 0653
0 . 0033 0 . 0091 0 . 0 1 9 5
0 . 0 2 9 5 0 . 0 3  64 0 . 0 5 5 2
0 . 0 4 1 7 0 . 0 5 5 9 0 . 0 7 1 3
0 . 0 3 1 2 0 . 0 4 1 3 0 . 0 5 3 7
0 . 0 2 5 5 0 . 0 3 1 2 0 . 045  1
0 . 0 2 4 3 0 . 0295 0 . 0 4 2 3
0 . 0 4 6 2 0 . 0624 0 . 0796
0 . 0 0 7 0 0 . 0089 0 . 0 1 0 6
0 . 0 6 1 9 0 . 0 8 2 4 0 . 1 0 6 7
0 . 1 5 4 2 0 . 1 3 2 1 0 . 2 7 1 2
0 . 0 1 7 1 0 . 0 2 0 4 0 . 0 3 0 1
0 . 0 2 2 3 0 . 0 2 9 1 0 . 0345
0 . 0 0 5 3 0 . 0 0 7 0 0 . 0080
0 . 0 0 7 9 0 . 0 1 0 3 0 . 0 1 2 0
0 . 0 2 3 3 0 . 0 3  59 0 . 0 4 3 9
0 . 0 4 5 7 0 . 0 5 5 2 0 . 0 7 0 3
0 . 0 0 5 4 0 . 0 0 6 9 0 . 0032
0 . 0 9 0 1 0 . 0 9 4 7 0 . 1 6 3 3
0 . 0093 0 . 0 1 1 5 0 . 0 1 5 1
0 . 0 1 5 4 0 . 0 1 9 7 0 . 0 2 3 3
0 . 0 7 3 1 0 . 09 3 5 0 . 1 1 0 6
0 . 0 1 6 6 0 . 0 2 1 5 0 . 0 2 5 1
0 . 0 3 0 3 0 . 0351 0 . 0 4 66
0 . 0 9 9 1 0 . 1 1 3 3 0 . 1 5 2 5
0 - 0 2 3 0 0 . 0327 0 . 0 4 3 2
0 . 0 3 0 8 0 . 0362 0 . 0 4 7 3
0 . 0 5 4 5 0 . 0640 0 . 0 8 3 9
0 . 0 0 1 4 0 . 0 0 1 6 0 . 0 0 2 2
100
W i M M m  A c l a a  
I n t e r n a t i o n a l
CCRE LABQRATCRIES
P ro jec t Jfo. 9 3 0 0 4 4 - 1 Oa-a:  0 1 - 12 - 93
L_ n _ 3 - o - M - c y c lc i i a x a n e / l - c - 4 - 0 - M - c y c lo i i e x a n e
n-O czan e
'jn id en 'C if la d  C3 compounds 
I s o o r o o v lc y c lo p e n c a n e  
’| - 2 * ; i i v I - c i s - 2 - j le ’iiT .ylcycLopancane  
2 . 2 -o lm en h .yIn ep can e
1 - c i s - 2 - D i m e c P . y l c y c i c h e x a n e
2 , l -O im e z .a y la e p z a n e / 4 , 4 -Ome'Cdy Ih ep zan e  
n -P r o p y lc y c lo c e n n a n e
1 . 1 . 3 - r r im e o n y lc y c lo n e x a n a  
2 \ S -O in e z h y ld e p c a n e  
"sobiiov L e v e l ocen oan e
2 , 5 - 0 ia e c i iy ln e p c a n e / 3  , 3 -O in e r h y ld e p c a n e
ir b v ib e n z e n e
n -K y la n e  -  p -X y ler .e
4 -M ezb .y loczan e
2 -M ecb .y laczan e  
□ -X y le n e
o r a n s - l , 2 - 0 ia c n y lc y c lo p e n n a n e
n-M onane
Iso o ro p y L b en zen e
2,2", 3 , 3 —Tacram eciiy IP exan e
2, 5 -D im eciiyL ocoane
r,.-?r3 oy  L benzene
1 -Mezb.yL- 3 -SZhy lb e n z e n e  (MET0 L)
1 -M ezbyL- 4 -E Z b y lb e n z e n e (PET0L)
1 , 3 ,  5 -T r im e u iiy lb e n z en e
1-M ecb.yl - 2 -S b d y lb e n z e n e  {DETOL)
4 -M eub.ylnanane'
oarm -3u r y lb e n z a n e / l ,  2 , 4 -T rim etd yL b en zen e
l - M e r i y l - 2 - I s o p r a p y  lb e n z e n e /s e c -3 U 'c y  lb e n z en e
n -D eca n e  
I s o b u c y lb e n z e n e
1 . 2 . 3 - i r ia e c b y lb e n z e n e  
L-M etby1 - 3 -Iso p r o p v L b e n z e n e
l-M e n b y l- 4 - I s o p r o p v lb e n z e n e
In d an e (2 , 3 -O iixyd ro in d en e) /O ic y c io p e n c a d ie n e  
i t 3 —o ia c i iy lb e n z e n e / 1 —Menliy 1 —3 —n—P zop y lb en zen e  
n - 3u -cv ib en zen e  _
1 4 -a I e c P Y lb e n z e n e /1 , 3 -D a m eu b y L -o -it iiy lb en ze n e
l-'M etP iy l-4 - n - ? r o p y lb e n z e n e /1 , 2 - 0 iecd y L b en zen e  
T - .v je c i iy i - t - n - P r o b v lb e n z e n e  I, 4 —O im ecb y l-O -E P b v lb en zen e  
1 , 3 -a im e t : i iy l - 4 -Et-kiv lb e n z e n e
2 - 0 im e r d y i - 4 - EZiiy lb e n z e n e  
1 , O -O im eriiy l-I-E b n y  lb e n z e n e  
1 , 2 -D im et:b .y l-3 - S tb y lb e n z e n e
n—ln d e c a n e
0 . 3 4 3 S 0 . 0 5 6 3 0 . 0 7 4 3
0 . 1 1 3  5 0 . 1 5 1 0 0 . 1 7  5 2
0 . 0 4 0 5 0 . 0 4 7 5 0 . 0 6 2 3
0 . 0 6 1 1 0 . 0 7 1 7 0 . 0 9 4 1
0 . 0 1 3 3 0 . 0 2 1 9 0 . 0 2 9 0
0 . 0 2 5 0 Q . 0 3  2 1 0 . 0 3 3 7
0 . 0 2 5 7 0 . 0 3 0 5 0 . 0 4 1 2
0 . 0 0 3 5 0 . 0 0 4 5 0 . 0 0 4 9
0 . 0 7 2 5 0 . 0 3 5 2 0 . 1 1 1 3
0 . 3 8 1 3 0 . 0 9  5 3 a .1120
0 . 3 0 7 2 0 . 0 0 9 3 0 . 0 0 9  7
0 . 1 9 2 5 3 . 2 2 4 3 0 . 2 5 2 5
0 . 0 6 3 5 0 . 0 8 0 2 0 . 0 8 3  5
0 . 3 9 7 9 0 . 1 0 2 9 0 . 1 5 9 2
0 . 2 7 0 2 0 . 2 3 5 0 0 . 4 3 9 5
0 . 1 2 3 3 0 . 1 5 2 3 0 . 1 7 2 3
0 . 1 2 3 0 0 . 1 5 3  5 0 . 1 7 2 4
0 . 0 8 2 4 0 . 0 8 5 4 0 . 1 3 4 1
0 . 2 2 3 6 0 , 2  5 6 0 0 . 3 1 2 3
0 . 2 5 6 5 0 . 3 3 8 3 0 . 3 5 3 9
0 . 1 4 3 2 0 . 1 5 6 7 0 . 2 1 2 9
0 . 2 1 4 9 0 . 2 5 6 2 0 . 2 5 0 9
0 . 3 6 3 9 0 . 4 5 5 6 0 . 4 4 1 3
0 . 2 1 9 5 0 . 2 3 2 2 0 . 3 1 5 6
0 . 1 3 4 5 0 . 1 4 1 9 0 . 1 9 2 4
0 . 1 4 9 2 0 . 1 5 7 9 0 . 2 1 4 4
0 . 3 3 9 1 0 . 4 1 0 0 0 . 5 5 9 2
0 . 0 9 4 1 0 . 0 9 7 4 0 . 1 3 5 2
0 . 4 0 6 3 0 . 5 0 5 6 0 . 4 9 3 3
0 . 3 3 0 7 0 . 3 4 5 5 0 . 4 4 9 0
0 . 3 3 9 3 0 . 3 5 6 4 0 . 4 3 7 2
0 . 6 o 7  6 0 . 3 3 2 2 0 . 3 1 0 5
0 . 2 2 2 1 0 . 2 3 7 3 0 . 2 3 5 3
0 . 2 3 6 2 0 . 2 9 1 3 0 . 4 1 1 2
0 . 1 5 1 3 0 . 1 7 0 8 0 . 2 0 7 5
0 . 0 5 9 4 0 . 0 6 3 2 0 . 0 7 5 5
0 . 4 5 3 3 0 . 4 3 4 1 0 . 5 7 0 6
0 . 1 7 5 3 0 . 1 3 5 3 0 . 2 2 5 6
0 . 1 2 2 2 0 . 1 3 0 6 3 . 1 5 3 6
0 . 1 5 7 1 0 . 1 6 7 8 0 . 2 0 2 2
0 . 2 4 1 5 0 . 2 5 2 1 0 . 3 1 0 3
1 . 1 7 4 9 1 . 2 2 6 3 1 . 5 1 2 0
0 . 1 5 9 4 0 . 1 7 6 1 0 . 2 1 3 0
0 . 3 5 2 2 0 . 2 6 6 5 0 . 4 3 -i
3 . 1 0 2 5 0 . 1 0 6 9 0 . 1 2 1 9
0 . 1 5 2 0 0 . 1 6 5 9 0 . 2 0 3 5
1 . 0 6 3  2 1 . 3 9 1 9 1 . 3 7 4 3
1 .  7 2 3 2 2 . 1 3 7 4 I . 9 2 G 9
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Wi CCRE LA3CRATCR1ES
W e s t a m  A t a o a
I n c e m a c i o n a l  ______________________________________________________________________________________________________ _
P roject: Ma. 93004-;-: □ ace: 0 1 - 1 2 - 9 : P a g e .
C n id a n c if le d  C-1L Compounds 7 . 3 8 1 2 9 . 0 1 3 0 3 . 3 7 5 2
1 , 2 , 4 , 5 - T e c r a a e c h y L b e n z e ne ( Curene) 0 . 2 6 5 6 0 . 2 7 2 9 0 . 3 4 1 3
1 , 2 , 3 , 3-T a cra m ech y lb en zen e  ( Iso d u ren e) 0 . 3050 0 . 3 1 2 4 0 . 3 9 2 5
M aphchalene 0 . 3356 0 . 2 5 1 0 0 . 4 3 2 3
n -0 c d e c a n e (C -1 2 ) 3 .3  079 0 . 373  1 0 . 3 1 2 3
c - 1 2  rhru  c - 13 1 2 . 3 4 2 5 1 4 . 4 9 9 6 1 2 . 3 1 9 7
n - l r i d e c a n e ( C -1 3 ) 0 . 5 1 1 2 3 . 4 534 0 . 4 7 9 0
c - 1 3  rhru c -1 4 12 . 9855 1 2 . 3 1 6 0 1 2 . 3 9 7 2
n - 14 1 . 7 3 7 3 1 . 5 3 3 2 1 . 5 5 7 0
c - 1 4  p lu s 4 9 . 4 3  60 4 5 . 3 4 4 7 4 3 . 9 3 0 1
9 9 . 9 9 9 7 1 0 0  . 0 0 0 0 9 9 . 9 9 9 3
p= 5 ,. 3 5 5 5
0 = 0 . 0 0 0 0
>r= . 5 0 4  7
A=  ^ * . 1119
31 .. 953  2
S a e c i f i c  G ra v iry  o f  T aca i Samp La= 0 . 9163
S p e c i f i c  G ra v icy  o f  H exanes ? Iu s=  0 . 9 1 6 7
M o le c u la r  Weight: o f  l o c a l  3amnLe= 172 . 7369
M o le c u la r  Weight: o f  H exanes ? lu s =  173 . 0097
>P 




W e s t e r n  A d a s
I n t a m a e i o n a l _____________ ________ _________________________________________________________________________________
3 J A . T T Y  1 1 1 3  1 1 1  
3 1 /1 3 /9 3
2 E R E a i r :
»08 DUMBERr 93004A- CUSTOMER: U n iv e r s i ty  o r  R ev aa a , L as  /e g  a s aTTH: - a y S aoaoacn i




! SUB-TYPE j  i . J .
analyzed 
value :a i
DUPLICATE RPO or 











v i s c o s i t y  1 "00 l e g  r 
LlMIT/OF: J .3 1  UNITSocSC
3ATE/VTNE ANALYZED:D1/13 
NETHOO REFERENCE :ASTH
f93 18:55  
-L4.5
3C BATCH NUMBER:9 3 6 9 :3  
TECH U lClAH -.fCJ
DUPLICATE A n a ly t ic a l  922741-1 ’ ..*3 2 .7 7  3 ;  i
PARAMETER:
reporting
R aid  S o litv a le ric  V aoor P r e s s u r e  DATE/TINE aNAL'ZSD:Jl /1 5 /9 3  'C :vQ  
LINIT/DF: 3 .25  JH lT S oaai RETROD REFERENCE lASTN 3-5191
3C 3ATCN NUNBE.R:936929|




R er . 2,2-DMB. 
R e r . 2.2-OMB. 
A n a ly t ic a l  930QCG-1
TO. 74 
10.74 




TOO I i: I
PARAMETER;
reporting
G ra v ity ,  API 3 oO l e g  f  
-IM IT/Q F: -20  UHITS:0e<J. APt
ia t e / t : me » M A L r z s 3 : a t r a m  :8 :5 a
HE7NC0 REFERENCE :ASTM 3 -2 3 7
1C 3ATCU NUM8E3:936963 
'ECHNI Cl AH :PCJ
DUPLICATE A n a ly t ic a l  9Z 2762-: 53 .2 i 3 .2
3700 T h e m / iv e n u a  




W 4 CCRE LAaQRATORIES
W e s c a m  A e l a s
I n e a m a e i o n a l ______________________________________________________________________________________________________
3 j  a ■. ( f r  » i  i  a m  :  • r e p o r t  
31/ 13/93
.333 vunBERr 730044 CUSTOMER: J n iv e r s i r y  a r  H evaca, '.a s  /e q a s  ATTH: .a y  la o a o a tn i
Dec :a o  A n a ly s is  3ATE AHALT2ED: 0 1 /1 2 /9 3  :IH£ IHAUTZEO: ’5 :1 6  lETHOO: 3 e t  Can A n a ly s is  3C HUMBER:936962
TEST DESCRIPTION ANALT SUB-rTPE:AMAl.rStS 1 .3 . 3IUJTIC>I -"ACTORlAMALfOED /ALUE DETECTION '.IH IT 'U H IT S  OF 1EASURE
A ro m a tie s , "o ca l Reaqene |H e ll u s  I 1 j <0.3001 ] 3 .3001 i Iv  5
a e n ie n a Reaqene H e lio s 1 ! <0.3001 I 3 .3001 j t v  1
O le r in s ,  r a t a l R eaqene Hei i  u s 1 <0.3001 1 3 .3 0 0 1 1 t v  X
P a r a f f i n s ,  "o c a l Reaqene 'H e iI u s 1 <0.3001 1 3 .3001 ! Iv  X
Iso o e n ea n e Reaqene H en  u s < ! <0.3001 i 3 .3 0 0 1 i I *  -
H ecnane Reaqene ; H eil u s 1 i <0.3001 | 3 .J0 0 1 , Iv  X
3ucane Reaqene H e liu a ! : <0.3001 3 .3 0 0 1 ; iv  X
P encanes Reaqene ; H e iiu a 1 i <0.3001 3 .3001 ; tv  x
AAGE:i
1700 C Jierry A venue
'.anq leac n .  3A 10307
C3100 595-3401
W 4
W m e a m  A c J a a  International
CORE LABORATORIES
J  J a l t r r A 3 > J  * A
0T/13/O3
i  :  s r = a o r  r
-CS iumBER: 730044 3JS7CNER: J r t iv e r s r r v  a f  Jeveoa , Las /egas AT7M: .a y  S acaoach i
O et - jo  A n a ly sis 0ATE AMALrZHO: 31 /12 /93  iTHg AWAiriSD: 15:16 H67H00: 3 o t Cao A n a ly s is  3C •IUMaEa:936962 j
* = - = ? = ■< :  £ j  r u n n 3'
TEST ■AHAUTSIS jAMALrSIS o a u r r c w AHALfZED TRUE ; PERCENT OETECTroMIUMITS OF
OESCRJPfXM SL'S- 'YPE . t .  o . ■ pactcr VALUE  ^VALUE 1REC3VERT L IN U S  .MEASURE
A rom ocics, 'o c a l R efe ren c e Arf30lC4-73 : :7 V  479 27 . '6 0 0 roo 0 .2 0 0 1  l l v  X i
3en*ene R efe ren ce ■Arf3atC4-n i 3.5470 ■3.6400 •01 3 .3 0 0 1 1 Iv  X |
O le r in s ,  'o c a i , R efe ren c e ^* 3 0 1 (4 -7 } i 7 . 706a 9 .7700 1 79 3 .3 0 0 1 l l v  X f
P a r a f f in s ,  'e c a t R eferen ce A*30U&-7) i 32.5225 5 2 .4200 :00 3 .3 0 0 1 l lv  X i
Isooeneane 1 R eferen ce S e r in e  rv —j ! '.2 1 9 3 ! .?aso i 72 3 .3 0 0 1 l lv  X
H etnane R eferen ce .Serinerv** j f '5 .-6 9 6 '4 .7 5 0 0 ■ :o5 3 .3 0 0 1 l l v  X |
3 u ;an « R eferen ce IS e r in e rv -3 ! ’ .,'330 ! 7 .7500 i 73 3 .2 0 0 1 1 Iv  X !
Pencanes R eferen ce Ref inerv-O 1 1. j 553 | '.7 3 5 0 33 3 . 3 0 0 1 1 1 V  X i1
3700 C h erry  Avenue




W e s t e r n  A c l a a  
i n t e r n a t i o n a l
CCRE LABORATORIES
a <j a _ : r r a 3 s j  3 a 
31/ 13/93
A nalyses p e rfo rm ed  in  a cco rd an ce  ■>i :n  IStH  r e s t i n g  P ro c e d u re s .
Samples - e t a in e c  'o r  t h i r t y  days i f t e r  r e p o r t  s u o s t s s i o n .  A f te r  t h i r t y  d a y s , sam p les  a r e  d i s e a s e d  in  a c c o rd a n c e  v i t n  d a r e  
l a o o r a to r ’e s 1 D is o c s a i 3o l i c v .  Jam oles n i l  de -e c a in e d  lo n g e r  v i t n  o r i o r  a r ra n g e m e n t ,  s to r a g e  * e * s  s a y  jo p ly .
'h e  a cc e p ta n ce  c r i t e r i a  io r  d u p l ic a te  a n a ly se s  a re  :tie  a D o lic a p le  ASTH l e p e a t a p i l i t y  S ta te m e n ts .
'h e  'Time A n a ly tea"  in  :n e  3A l e o o r t  r e r e r s  :o  th e  s t a r t  tim e  a f  :n e  a n a l y t i c a l  o a c c n . ' t  nay n o t  - e f l e c t  th e  a c t u a l ,  





3700 t h e r r y  Avenue




W e s t e r n  A c i a a  
I n t a m a c i o n a l
CORE LA3QBATCRIES
CCRE LA3CRAT0RZZS 
A. >f A. I> '! ?  I  C A. u R 3  ? Q R
Job Humber: 930055
P rep a red  Tor:
'J n iv e r s ia y  o f  H evada, Las Tegas 
Cay S ab ap aob i 
Ceparbmenc o f  G e o s c ie n c e  
Las T e g a s , HV 39154
Dane: 0 1 /1 3 /9 3
!_____________________I-13-7 1_______________
S ig n a tu r e  Qace:
Hame: C ia  A d ia i  Core l a b o r a t o r i e s  -  Long 3 e a c ii
3700 C herry A venue  
Long B each , CA 90807
T i t l e :  L a o o ra co ry  S u p e r v is o r
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Wi CCRE LABORATORIESWesram Adas
I n e a m a t i o n a l _____________________________________________________________________________________________________
w A 3 3 R A '  3 R T I :  i  :  1 
0 1 /1 3 /9 3
1 :  i  'J L ( !
3Ca lUMBER: 730056 CUSTOMER: U n iv e r s i ty  J r  Aevaoa, L a* Vegas AT7H: - a y  J io ao e c rti




O ie se t :u a l
/  /






0 1 /1 2 /9 3  
1 3 :12  
1 i i  t e r
TEST 3ESCRIPTICH rlHAL RESULT LIMITS/’ OH.UTICJIUJMITS 3F lEASURE , TEST 1ETHCO ; DATE TS-GHk
O e ta i l e a  C a o t l la r y  A n a ly s is »1 S e t  Gao A n a ly s is ,0 1 /1 6 /9 3
P a r a f f in s ,  t o t a l 5 .7336 3.J001 LV 7 3 e t .  Gao. A n a ly s is
3 t e r i n s .  "o c a l <0.3001 3.3001 LV 7 O e t .  Gao. A n a ly s is
H ao n tn en es , "ocal 1.2921 3.3001 LV 7 G e t.  Gao. A n a ly s is
A ro m atiea , Total. 7 . 760 3 3 .J001 17 7 3 e t .  Gao. A n a ly s ts
J m o e n t i  r i  ea 32..-335 1 3.3QQ1 LV 7 3 e t .  Gao. A n a ly s ts |
G ra v i ty ,  API 3 aO 3e<3 1 33 .7 •20 Oeq. API ASTH 3 -237 0 1 /1 8 /9 3 3CW
R e id  E q u iv a le n t la a o r  P re s s u re <0.25 3.25 p si ASTH 3-5191 0 1 /1 5 /9 3




3700 G Serry Avenue 
-sn q  Jea c n , GA 50807  
3-703 :9 5 -i4 0 1
108
W 4
W e s c a m  A c i a a
i n t a m a i a o n a l
CORE LABORATORIES
P rajacc  Mo. 930056- 3a" a : 0 1 - 1 4 - 9 3 P a g e l
COMPANY • V n i v e r s - Ne vada , Las  V egas
5AM? 112 ID : D ie s e l  F u e l




Isc b u c a n e
n -3 u ca n e
I sc p e n c a n e
n -? e n c a n e
2 , 2 - 0 i.:neciiylbucane
C v cio o en ca n e
2 * 3 -o"Laeciiylbucane
2 -M eciiy Ip en can e
3-M ecdyIpencane  
,i-H axane
2 , 2 -D ic ie c iiy lp e n c a n e
2 . 2 ,  3-T r i:n e c iiy Ib u ca n e /2  , 4 -D ia ec iv y  Ip en can e  
3en zan e
3 , 3 -Q uneciiy Ip e n c a n e /C y c la n e x a n e
2 -M eciiy Uaexane 
3 -M eciiv Ih exan e
l-c r a n s -3 - O ia e c i iy I c y c ia p e n c a n e
1 - c r a n s - 2 -O ia e c i iy lc y c la p e n c a n e  
3 -SCiiy Ip en can e
2 . 2 , l -T r ia e c d y I p e n c a n e  
n-H encane
2. - c - 2-D i2n e c h y lc y c lo p e n c a n e /M e c iiy lsy G la iie x a n e
B C iiy lcy c lo p en ca n e
2 . 2 ,  3 -T rim eciiy  Ip en ca n e  
2, 5 -Q ia ech .y liiex a n e
2 , 4 -O in a c iiy iiiex a n e
1 — 2 - o —4 —'I-M—c ’/c lo o e n c a n e / 3 , 3 — 0 m eciiy L iiex a n e  
£ - c r a n s - 2 - c i s - 3 - T r i i e c i i y lc y c ia p e n c a n e
2 . 3 ,  4 —T r ia e c iiy  Ip en ca n e  
T o lu en e
1 , 1 , 2 —T r ia ie c iiy lc y c lo p e n c a n e
2 3 -0  in e c iiy  Ib exan e
2 -M eciivIh.eocane
4 -M eciiy liie bcane / 3  , 4 -O ia e c iiy I h e x a n e  
1 - o i s  —3 -O ia e c i iy ic y c lo h e x a n e
1 -c r a n s -4  —O in e c iiy ic y c ia h e x a n e  
1 , i -o im e c iiy ic v c la iie x a n e
2 - .^ -r - 2 -SCiiy I c ' /c io p e n c a n e /  1-M— l - S - c y c io p e n c a n e
Wt. * LV. V M ole  %
0 . 0 0 1 0 0 . 0 0 1 3 0 . 0 0 3 9
0 . 0063 0 . 0 1 0  2 0 . 0 1 3 7
0 . 0 2 4 1 0 . 0 3 7 9 0 . 0 7 1 3
0 . 0 3 4 7 0 . 0 4 9 5 0 . 0 3 3 2
0 . 0 1 3 5 0 . 3 2 7 0 0 . 044  5
0 . 0 0 3 3 0 . 0 1 2 3 0 . 0 1 7 5
0 . 0044 0 . 0054 0 . 0 1 0 8
0 . 0037 0 . 0 0 5 1 0 . 007 4
0 . 0 1 3 2 0 . 0 2 5 4 0 . 0366
0 . 0 1 2 4 0 . 0 1 7 0 0 . 0 2 4 3
0 . 0207 0 . 0 2 3 7 0 . 0 4 1 5
0 . 0 3 4 0 0 . 0 4 5 0 0 . 3 5 3 7
0 . 0013 0 . 0 0 2 4 0 . 0 0 3  1
0 . 0 0 4 1 0 . 0 0 4 2 0 . 0 0 9 1
0 . 0253 0 . 0 3 3 2 0 . 0 5 0 3
0 . 0 3 7 3 0 . 0 5 0 1 0 . 0 6 4 4
0 . 0236 0 . 0 3 8 0 0 . 0 4 9 4
0 . 0 2 2 4 0 . 0 2 7 3 0 . 0 3 9 5
0 . 0 2 2 0 0 . 0 2 5 7 0 . 0383
0 . 0 4 1 5 0 . 0 5 6 3 0 . 0 7 1 3
0 . 0 0 7 0 0 . 0 0 8 9 0 . 0 1 0 6
0 . 5 3 3 7 0 . 3451 1.  0 9 4 4
0 . 1 4 0 4 0 . 1 5 6 1 0 . 2 4 7 4
0 . 0 1 5 0 0 . 0 1 7 3 0 . 0 2 5 4
0 . 0 2 0 8 0 . 0 2 6 6 0 . 0 3 1 5
0 . 0 0 5 3 0 . 0 0 6 9 0 . 0 0 8 0
0 . 0 0 6 7 0 . 0 0 8 7 0 . 0 1 0 1
0 . 0244 0 . 0 3 0 6 0 . 0 3 7 3
0 . 0 4 0 5 0 . 0 4 9 0 0 . 0 6 2 4
0 . 0 0 4 9 0 . 0 0 6 2 0 . 0 0 7 4
0 . 0 7 5 9 0 . 0 7 9 9 0 . 1 4 2 5
0.  0037 0 . 0 1 0 2 0 . 0 1 3 4
0 . 0 1 3 1 0 . 0 1 5 7 0 . 0 1 9 3
0 • 0  664 a . 3863 0 . 1 0 0 6
0 . 0 1 5 1 0 . 3 1 9 3 0 . 0 2 2 3
0 . 0 2 6 3 0 . 0312 0 . 0 4 1 4
0 . 0 3 3 4 0 . 1 0 5 3 0 . 1 3 6 4
0 . 0 2 4 9 0 . 0 2 9 1 0 . 0 3 3 4
0 . 0 2 3 0 0 . 0330 0 . 3 4 3 2
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W e s t a m  A c i a a  
Ir rc a rn a g io n a l
CCRE LA3CRATORIE;
? r c j  a c t  M o. 9 3 0 0 5 5 - 1 D a ce: 0 1 - 1 4 - 9 3
1 -  c r a n s  -  2 -  0 im e c iiy  L e y e  1 a iie  x a n e  
£ - c i s - 2 - c i s - 3 - T r l : a e r i i y L c y c I a p e n c a n e  
£ - c - 3 - D - M - c y c Ia n e x a n e /  l - c - 4 - D - M - c y c i a n e x a n e  
n -O c ta n e
u n i d e n c i £ Led C3 aam pounds
“s c o r e o v i e y c l e p e n c a n e
•_ -£*:iivL -c  i s - 2 -M eciiy 1 c y c l e  per. ca n e
2 . 2 -o i:a e c i iy i i ie p r a n e
1 - c ' s - -3- o in e c i i ' / l c v c ic n e x a n a
2 , 4 -Q iz iec iiy  L iiep ca n e / 4 , 4 -D ia e c i iy l i ie p c a n e  
n - ? r c o y le v e lc p e n c a n e
1 , 1 , 3 - r r i i e c i i y l c y c l c h e x a n e  
2 , 5 - D ia e c i iy l i ie p c a n e  
Isofautav Ic v c io o e n c a n e
2 , 5 -a la e c i iy L iie p c a n e / 3  , o -D ia e c i iy lb e p c a n e
•t^ v L d e n z a n e
a -M y le n e  *■ p—X y le n e
4 -M eciiy la c r a n e
2 —Meciiy lo c c a n e
0 -M y la n e
c r a n s - l , 2 - 0 i a  ciiy  1 e y e  1 a p en car.e
n - M o n a n a
I s o o r e p y L b e n z e n e
2 . 2 . 3 ,  3 -T a c r a m e c iiy liie x a n e  
2 \ 5 -D i:n e c iiy lo c c a n e  
n—P r e o y lb e n z e n e
L - M e c i iy  1 - 3 -HCiiy l b e n z e n e  (METOL)
L-,\jeciiy 1-4-E C iiy  lb e n z e n e  ( 9ST0L)
1 . 3 ,  5—r r ia e c i iy lb e n z e n e  
-M eciiy 1 - 2 -SC iiy lb e n z e n e  ( DE'TOL)
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1, 3 - O i:n e c i iy l - 2 -E C iiy lb e n z e n e
0 . 0 4  9 0 0 . 0 5 7 7 0 .
0 . 0 0 1 7 0 . 0 0 2 0 0 .
0 . 0 4 5 0 0 . 0 5 3 5 0 .
0 . 1 0 3  1 a . 1 3  3 3 0 .
0 . 0 5 0 1 0 . 0 5 9 0 a .
0 . 0 5 5 5 0 . 0 6 5 4 o .
a . 0 1 3 4 0 . 0 2 1 4 o .
0 . 0 2 2 3 0 . 0 2 3 7 a .
0 . 0 2 3 3 0 . 0 2 5 7 o .
0 . 0 0 3 1 0 . 0 0 3 9 0 .
0 . 0 1 5 2 0 . 0 1 7 3 0 .
0 . 0 7 5 1 0 . 0 3 3 0 0 .
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0 . 1 7 5 3 0 . 2 0 6 7 •0 .
0 . 0 4 9 5 0 . 0 6 2 7 3 .
0 . 0 3 9 3 0 . 0 9 4 0 0  .
0 . 2 0 7 7 0 . 2 1 9 5 0 .
0 . 1 1 1 7 0 . 1 4 1 5 0 .
0 . 1 5 5 2 0 . 2 1 2 6 0 .
0 . 0 8 1 4 0 . 0 3 4 5 0 .
0 . 1 9 5 7 0 . 2 2 3 0 0 .
0 . 2 3 7 7 0 . 3 0 2 2 0 .
0 . 1 2 9 2 0 . 1 3  6 9 0 .
0 . 2 4 0 8 0 . 2 8 7 7 a .
0 . 2 5 0 2 0 . 3 1 3  3 o .
0 . 1 3 3 4 0 . 1 9 9 6 a .
0 . 1 1 1 5 0 . 1 1 7 3 0 .
0 . 1 3 0 9 0 . 1 3 3 3 0 .
0 . 3 4 1 2 0 . 3 6 0 1 0 .
0 . 0 3 3 0 0 . 0 8 6 1 0 .
0 . 3  6 6 o 0 . 4 5 6 3 0 .
0 . 2 3 0 1 0 . 2 9 3 1 0 .
0 . 3 3 1 5 0 . 3 4 3 3 0  .
0 . 5 9 3 9 0 . 7 4 2 4 0 .
0 - 1 9 0 6 0 . 2 0 4 0 0 .
0 . 2 3 4 2 0 . 2 3 9 1 0 .
0 . 1 1 7 7 0 . 1 2 4 9 0 .
0 . 0 5 4 5 0 . 0 5 3 1 0 .
0 . 4 9 7 0 0 . 4 7 1 0 0 .
0 . 1 5 6 1 0 . 1 6 5 3 0 .
a . m 2 0 . 1 1 3  0 0 .
0 . 1 3 8 1 0 . 1 4 7 7 0 .
0 . 2 1 1 5 0 . 2 2 1 2 0 .
1 . 1 9 1 1 1 . 2 4 5 2 1 .
0 . 2 9 5 0 0 . 3 0 7 1 0 .
0 . 0 9 1 1 0 . 0 9 4 9 o .
0 . 1 3 1 7 0 . 1 3 9 8 0 .
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PLOTS OF COMPARISON OF DIMENSIONLESS NUMBERS WITH HYDROCARBON 
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